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Abstract—This review was devoted to an investigation of the structure, properties, and functions of the man-
nose receptors of the alveolar macrophages which were promising targets for the creation of systems of the
addressed delivery of medicines for treatment of diseases of the upper airways. In the first section, we dis-
cussed a search for an optimal strategy of studies of the ligand-receptor interactions and determination of the
ligand specificity to the macrophage mannose receptors with the aim of improving the efficiency and organ
bioavailability of drugs. The model proteins for a simulation of the ligand—protein interactions in the in vitro
systems were reviewed. The use of concanavalin A as a model mannose-specific lectin allowed a determina-
tion of the binding parameters for ligands of different structure, a wide screening of the ligand array, and stud-
ies of the contribution of steric factors during the ligand binding. The latter was difficult in the case of such a
complex target as the mannose receptor of the alveolar macrophages (CD206). This receptor is inaccessible,
and adequate screening in vitro was technically difficult for them. In the second section, we described meth-
ods for determining the binding parameters of the carbohydrate-containing ligands to receptors and model
lectins: IR spectroscopy, fluorescent methods, affinity chromatography, confocal microscopy, flow cytome-
try, X-ray analysis, and calorimetry. A large array of quantitative parameters of the complex formation of the
oligosaccharide ligands with concanavalin A was analyzed. Selection of the optimal structure of the ligand by
varying the density and the number of the mannose-containing ligands, and the spacer length, is considered
as a basis for creation of the addressed delivery systems. The practical application of the described approaches
to the creation and trials of the addressed delivery of the bioactive substances in the in vivo systems is dis-

cussed in the third section of this review.

Keywords: alveolar macrophages, mannose receptors, CD206, spectral methods, concanavalin A

DOI: 10.1134/S1068162022010150

INTRODUCTION

The increase in the number of the infections which
are caused by pathogenic bacteria presents a consider-
able threat to society and is the main reason for mor-
tality in developing countries and a serious problem
for advanced countries. Various highly effective anti-
bacterial medicines are often characterized by a low
penetrability through cellular membranes, and their
concentration inside a cell does not achieve their level

Abbreviations: AM, alveolar macrophage; DC, dendritic cell;
ITC, isothermal titration calorimetry; MR, mannose receptor;
MPh, macrophage; FC, Flow cytometry; PEI, polyethyleni-
mine; ATD, antituberculous drug; CD, cyclodextrin; CLSM,
confocal laser scanning microscopy; ChitMan, mannose-modi-
fied chitosan; ConA, concanavalin A; CRD, Carbohydrate-rec-
ognizing site; CTLD, C-type lectin-like region; CysRD, cys-
tein-rich region of MR; diMan, 3-0-(o-D-mannopyranosyl)-
D-mannose; FITC, fluorescein isothiocyanate; MBL-A, man-
nan-binding lectin A; MeMan, methy-o- D-mannopyranoside;
MeUmb, methylumbellilferyl; NCs, nanocarriers; ODN, oli-
godeoxyribonucleotide; PRR, pattern recognition receptor;
TLR, Toll-like receptor; triMan, trimannoside.
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in blood. Therefore, intracellular infections have long
been treated with high doses of therapeutic agents.
Such treatment results in undesired side reactions and
low therapeutic compliance by patients and, thus,
increases the risk of developing antibiotic resistance in
microorganisms. The formation and development of
resistant and multiresistant strains of infectious agents
which are simultaneously resistant to several types of
antibiotics result in diseases which are poorly treatable
with the known medicines. This problem is the most
acute in the case of persistent infections or such severe
diseases as tuberculosis, pneumonia, and listeriosis,
which can give rise to such complications as meningi-
tis, pneumonia, and sepsis. The standard course of
tuberculosis treatment involves 4—5 medicines and
lasted for 6—12 months. The antituberculous therapy
has serious limitations due to an intake of many drugs
and the toxic effects that are associated with them.
Many of the presently used antibacterial medicines
have the stability and bioavailability restrictions, pro-
nounced side effects, and nonoptimal pharmacologi-
cal properties and can cause damage to the liver and
other organs. These problems can be solved by the cre-
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ation of novel effective antibacterial medicines and
carriers for them with the function of addressed deliv-
ery. The mannose macrophage receptors can be a
promising target. Macrophages play a key role in the
immune response to a number of diseases, including
oncological, autoimmune, infectious, fibrotic, and
other pathologies. The large number of the mannose
receptors (CD206) that mediate endocytosis through
the clathrin-dependent mechanism is expressed on a
surface of activated macrophages. One of the main
functions of the mannose receptors is recognition of
patterns of the terminal mannose residues: N-acetyl-
glycosamine and fucose. They are present on the gly-
can chains of the surface proteins of several patho-
genic microorganisms, including C. albicans, Myco-
bacterium tuberculosis, Pneumocystis carinii, Listeria
monocytogenes, Leishmania donovani, and others. In
addition, the mannose receptors participate in a pro-
cess of the antigen presentation, resolving of an
inflammation, and clearance of several hormones.
Therefore, the target action on macrophages could be
open new opportunities for an influence on biochem-
ical processes in which these cells are involved. Thus,
potential areas of an application of the systems of the
target aiming to the macrophages can involve a deliv-
ery of antivirus and antibacterial medicines in a nidus
of a latent infection for the more effective therapy of
such infections as, for example, tuberculosis, HIV,
Ebola virus disease, etc.

ALVEOLAR MACROPHAGES
AND THEIR RECEPTORS

Alveolar Macrophages

The alveolar macrophages (AMs) are the first
“guards” of the respiratory tree. They play a key role in
the fight against lung diseases and protect the lung tis-
sue from damages by the recognition and killing of
pathogens. AMs release various secretory products
which, in their turn, cause phagocytosis and/or the
phagolysosome-directed pinocytosis in response to
the microorganism invasion [1]. The phagocytosis is
blocked during an infection by the tuberculosis myco-
bacterium, and the cells begin to serve as a refuge for
the location and growth of the bacteria. Therefore, the
efficacy of antibiotic therapy is strongly limited. The
most part of the known antituberculous drugs are
weakly effective against the dormant infection (tuber-
culosis). Thus, the addressed delivery to AMs is of
considerable interest for an increase in the efficacy of
a medicinal therapy of the respiratory diseases [2].

The Toll-like receptors (TLRs), which are trans-
membrane glycoproteins [3], play a key role in the
macrophage interaction with bacteria. MPhs recog-
nize bacteria, in particular through binding to TLR2
(CD282) and TLR4 (CD284). Arabinomannan,
galactomannan, and such components of the bacterial
cellular wall as lipoteichoic acids are ligands of these
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two receptors on a surface of Mycobacterium tuberculo-
sis. Complexes of fragments of TLR2 and TLR4 with
the lipoteichoic acid from Strepfococcus pneumoniae
and the lipopolysaccharide from E. coli, respectively,
are presented in Fig. 1. In the first case, hydrophobic
interactions of the fatty acid residues with the Val,
Leu, Pro, Phe, and Tyr residues take place. The bind-
ing of a carbohydrate to TLR4 occurs mainly through
basic and aromatic residues. The receptors activate the
MPh signal pathways and induce a secretion of anti-
inflammatory cytokines, chemokines, and antimicro-
bial molecules that kill bacteria or cause the granu-
loma formation [4—6].

The lectin receptors are another important class of
receptors that mediate recognition of pathogens by
macrophages (MPhs) and dendritic cells (DCs). The
activity of these receptors depends on the presence and
concentration of Ca?' ions [7, 8]. The receptors are
expressed in many vitally important human organs,
including the liver, spleen, lungs, bone marrow, the
brain, and in the dendritic cells which are present in
blood and lymph [9]. The MPh and DC mannose
receptors recognize glycoproteins of microorganisms
(for example, Candida albicans, Pneumocystis carinii,
and Leishmania donovani |9, 10]) and fungi with the
terminal mannose residues. On the contrary, the
human glycosides on the unreducing termini are pro-
tected with sialic acids. Let us discuss the most important
C-lectin receptors (Table 1) of myeloid cells and macro-
phages, including the CD206 mannose receptor that is of
special interest for this article [9, 11, 12].

Mannose Receptors

CD206 (Fig. 2a) is a transmembrane protein
(175 kDa) that recognizes glycosylated lysosomal
enzymes and carbohydrate fragments with the termi-
nal residues of Man, Fuc, and GlcNac [9, 11, 13]. The
N-terminus of CD206 involves one cysteine-rich
region (CysRD), the fibronectin 1I domain (FNII,
Fig. 2b), and eight lectin-like domains of the C-type
(CTLDs [14]). The C-terminus of MPhs contains a
transmembrane domain and a short C-terminal cyto-
plasmic domain (45 amino acid residues) [11].

Fibronectin is a large extracellular matrix glyco-
protein that consists of several domains, including two
modules of type II (FN-1 and FN-2), which can bind
collagen (gelatin). The FNII domains (Fig. 2b) are
found in various proteins, including matrix metallo-
proteinases 2 and all the members of the mannose
receptors (including CD206) [11]. This domain of the
mannose receptor provides a binding to cellular sur-
faces and various compounds, in particular collagen
[15], fibrin, heparin, DNA, and most anionic ligands
due to the positive charge. Amino acid residues, which
play an important role in the receptor-collagen bind-
ing (gelatin models the collagen properties in this
case), are shown in Fig 2b. By means of a molecular
interaction of the collagen binding to this domain, the
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(b) TLR4

Fig. 1. The Toll-like receptors: (a) TLR2 in a complex with the lipoteichoic acid; (b) TLR4 in a complex with oligosaccharide
(PDB: 3a7b, 3fxi). The receptor and the ligand are indicated by green and yellow colors, respectively. The phosphate group are

one orange and three red spheres.

aromatic amino acid residues of the domain interact
with the collagen amino acid residues in a hydropho-
bic pocket and disturb the collagen triple helix,
whereas the Arg34 and Asp36 residues stabilize this
interaction. In addition, the close proximity of the N-
and C-termini allows the formation of a more compact
globular structure between the neighboring domains,
facilitating the ligand binding. The Phel9, Trp40,
Leul7, Tyr21, Phe26, Tyrd47, and Tyr53 residues form
the hydrophobic pocket [11, 15]. Thus, an energy and
specificity of the binding are shown to be increased
owing to an aggregation of several receptor domains.

The CysRD domain (Fig. 2a) consists of 147 amino
acid residues, contains six cysteine residues, and binds
glycoproteins with the terminal 4-sulfo-/NV-acetylglu-
cosamine, for example lutropin and thyrotropin.

4-Sulfo- N-acetylglucosamine of CysRD has been also
shown to form stable hydrogen bonds with the cysteine
groups of the mannose receptors [11, 16, 17].

The C-lectin-like region in CD206 involves eight
domains of the carbohydrate recognition (CTLDs)
(Fig. 2a) [11, 13, 18]. These domains have only 30%
homology in the extracellular area of the mannose
receptor. The CTLD structures contain two o.-helixes
and two antiparallel B-sheets. Every of the domains
involve amino acid residues that are necessary for
binding to Ca?* and ligands. Only regions from the
fourth to the eighth (among the all eight regions) are
crucially necessary for the binding and endocytosis of
the ligands with the terminal Man, GlcNAc, and Fuc.
Note that only CTLD4 (its crystalline structure was
described by Feinberg et al. [13, 18]) exhibits the

Table 1. Characteristics of the lectin receptors of the myeloid cells and macrophages

Receptor Structural peculiarities Spef:lflcﬂy Cellular location
to ligands
The mannose recep- |Type I, 8 CTLD Mannose, glu- Immature myeloid dendritic cells, monocytes,
tor (CD206) cose, N-Ac-glu- macrophages
cosamine
CD205 Type I, 10 CTLD Not determined Immature myeloid dendritic cells,
Plasmacytoid dendritic cells, Langerhans cells
CD209 Type II, 1 CTLD Mannose, fucose | Immature myeloid dendritic cells, mature myeloid
dendritic cells, monocytes, macrophages, T-cells
Langerhin (CD207) |Type 11, CTLD Mannose Langerhans cells
Dectin-1 Type II, 1 CTLD, ITAM | P-Glycan Immature myeloid dendritic cells,
Plasmacytoid dendritic cells, monocytes, macro-
phages, neutrophils, T-cells
Dectin-2 Type 11, 1 CTLD Mannose Dendritic cells, Langerhans cells

CTLD, C-lectin-like domain; ITAM, the sequence that is responsible for the cell activation.
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Cytoplasmic membrane

Fig. 2. (a) The structure of the extracellular part of the
CD206 mannose receptor. The CTLD4—8 domains are
responsible for the binding to the Man residues; (b) the F2
(FN-1F2) domain of the fibronectin—gelatin binding. The
1—4 B-sheets and the disulfide bonds are indicated with
the red and yellow colors, respectively. The side radicals of
Phel9 and Trp40 are colored in green. The side radicals of
Leul7, Tyr21, Phe26, Tyrd7, Tyr53, and Phe55 are blue [11].

proved carbohydrate-binding activity apart from other
domains (i.e., this region itself can recognize the car-
bohydrate residues, although with insufficient effi-
ciency). The rest of CTLDs are almost devoid of such
activity according to the literature data [19, 20]. One
should take into account in the course of studies of the
ligand-receptor interactions that all the eight domains
are necessary for the combined ligand binding with a
high affinity and for endocytosis, because the effect of
multivalent binding is achieved (the corporative
action).

Although all the eight regions play an important
role, the fourth region is studied in more detail. The
main interaction of CTLD4 with a carbohydrate
ligand occurs via a direct binding of Ca2* to the carbo-
hydrate-Ca2*-binding site similarly to the mannan-
binding lectin A (MBL-A, PDB: 1MSB) [20, 21]. The
mouse MBL-A has an oligomeric structure which
consists of two subunits (each subunit of 13 kDa) [22].
The human MBL is a hexamer of trimmers (400—
700 kDa) and contains CysRD similarly to CD206
(CTLDs) [23]. This lectin, similarly to MPhs, plays an
important role in the inborn immunity and demon-
strates the MPh-like mechanisms of the ligand recog-
nition. A comparison of the carbohydrate-binding
domains of CTLD4 and MBL is given in Fig. 3 [18].

Since the human MBL is closely examined [23], in
particular pathways of its activation and its role in the
immune system are studied; this information should
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Fig. 3. A comparison of the mannose binding in the pres-
ence of the Ca?" ions to the CTLD4 main site of the
CD206 mannose receptor (the gray bonds) and the MBL-A
receptor (brown bonds). The numbers of the residues are
indicated for MR, and the MBL-A equivalents are given in
the parentheses [18].

be compared with that for the mannose receptor
(CD206). Carbohydrate recognition occurs through
the cooperation of several CTLDs characteristic of
both receptors. They are lectin receptors and have the
similar structural motifs. Let us compare functions of
these receptors. MBL participates in recognition and
binding of carbohydrates on a surface of a cellular wall
of microorganisms, resulting in an activation of the
lectin pathway of the complement system. In addition,
MBL binds apoptotic bodies and increases their
phagocytosis. MR recognizes, absorbs, and neutral-
izes pathogen microorganisms. In addition, MR par-
ticipates in a production of the anti-inflammatory
cytokines that is a basis of the inborn and adaptive
immune system.

The pH-dependent and Ca?"-dependent mecha-
nism of the ligand-receptor interaction is characteris-
tic of MR. The receptor affinity decreases by 45 times
with the pH decrease from 7.8 to 4.5. The further
decrease results in a complete loss of the affinity. The
efficacy of the MR recognition of ligands also depends
on Ca?". The interaction begins at the cation concen-
tration >10~* M (the lectin concentration =10~ M),
dramatically increases at the concentration >10—> M
(this value corresponds to the physiological concen-
tration of Ca’'-ions), and flattens out with the
achievement of the maximum affinity [20].

The MBL interaction with a ligand occurs through
the lectin pathway. The type of the cascade reaction in
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the complement system takes place. Every subsequent
reaction occurs due to a chemical functionality that is
formed in the previous step. If several binding sites can
be formed, every next binding is more stable than the
preceding one (the cooperative effect) [24]. The lectin
pathway of the complement activation does not
require the antibody participation and is induced by a
binding of microbial polysaccharides to lectins which
circulate in the blood plasma, such as MBL. More-
over, the Ca?"-dependent and pH-dependent mecha-
nisms of the ligand binding analogous to those for MR
are characteristic of MBL.

The fourth domain is unique in comparison with
the other mannose-binding CTLDs, because the car-
bohydrate binding to the Ca?*-binding site is supple-
mented with the carbohydrate interaction with the
aromatic ring of Tyr729. This complex interaction
increases the binding strength according to NMR
studies [11, 13, 18]. The binding with the high affinity
is a result of clustering of several CTLDs (sites 1—8 in
Fig. 2a) [19]. Such a clusterization allows a binding of
multivalent branched ligands, such as highly mannose
N-connected oligosaccharides of the general formula
(Man),_4(GlcNAc),. The Man index most often var-
ies from 3 to 9. The cooperative binding is proposed
for CTLDs through conformational changes in the
receptor in the course of the carbohydrate binding.
This aspect is discussed only on the level of hypotheses
and common conclusions, and the nature of the effec-
tive binding should be studied further, for example,
using computer modeling.

CD206 MR plays an important role in the immune
response. We confirm this fact by the studies of Suzuki
et al. [25]. The CD206 concentration was measured in
the blood sera of the patients suffering from tuberculo-
sis and volunteers with suspicion of tuberculosis and
proved to be >2000 ng/mL (in average 3000—
5000 ng/mL). This parameter was no higher than
1000 ng/mL for healthy people. Hence, the MPh clus-
ters were found in infected regions. The conclusion
was drawn that the CD206 level was increased in the
blood serum during tuberculosis and could be a poten-
tial biomarker for lung diseases [25].

We conclude this section by a summarizing of the
functions of the mannose receptors (MRs). The
inborn immune system functions in order to protect
the host in the first hours after penetration by an infec-
tion. This protection is primarily mediated by an activ-
ity of phagocytes, such as macrophages. Phagocytes
express MRs on their cellular surface. MRs can recog-
nize a wide spectrum of pathogens, including Candida
albicans, Pneumocystis carinii, Leishmania donovani,
Mpycobacterium tuberculosis, and Klebsiella pneumo-
niae. MRs have a high potential for use as a target for
an increase in the macrophage activation and the rec-
ognition of antigens [9, 26]. The location of these
receptors precisely on AMs proposes the possibility of
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the creation of systems of active targeting for treatment
of lung diseases, pneumonia, and tuberculosis.

Model Lectins to Identify the Most Specific Ligands:
Concanavalin A

The MR interaction of the alveolar macrophages
with glycosylated compounds can be investigated
using model lectins, in particular, the extensively stud-
ied concanavalin A (ConA) [27—32]. ConA is a plant
mitogen. It is widely used in biology and biochemistry
for the characterization of glycoproteins and other
carbohydrate-containing substances on the surface of
various cells. ConA (Fig. 4) is specifically bound to
definite structures of various sugars, glycoproteins,
and glycolipids essentially with unreducing terminal
o-D-mannosyl and o-D-glycosyl groups [27—32].
ConA interacts with various ligands which contain the
carbohydrates with a large number of Man residues,
markers of blood groups, insulin receptors, immuno-
globulins, the carcinoembryonal antigen, and the low-
density lipoproteins. ConA is used for a purification of
glycosylated macromolecules by lectin affinity chro-
matography and for investigating immune regulation
by different immune cells.

ConA is a homotetramer as the majority of lectins
and is strongly glycated. Every subunit (26.5 kDa,
235 amino acid residues) binds metal cations (usually
Mn?* and Ca?") and requires their presence for carbo-
hydrate-binding capability [31, 32]. ConA dissociates
with the dimer formation at pH < 5.8, but there is no
significant difference in the binding parameters of the
dimer and tetramer of ConA, i.e., the binding capacity
of this lectin is preserved at a higher acidity and even
somewhat increased at an acidification of the medium
to pH 5, though a small decrease is characteristic of MBL.

ConA interacts with the Man residues of oligosac-
charides similar to surface bacterial carbohydrates. Let
us discuss the nature of the ligand binding to ConA.
The three following residues are involved in the main
interactions via the hydrogen bonds: Asp208 with the
preceding cis-peptide bond (it provides the optimal
configuration of the chains), Asnl4 which directly
interacts with the calcium ions, and Arg228. The
whole structure of ConA in a complex with mannose
was determined by X-ray diffraction [33] (Fig. 4a).
The binding of ConA is similar to that for MR and
MBL (Fig. 3), and this lectin is often used as a model
for determining the protein—ligand binding parame-
ters. The Van der Waals interactions between the
Tyr12, Phe, Leu, or Cys residues are also important.
The following conformational changes are observed at
the site of the ConA binding. The first change affects
the side chain of Arg228, and the second change is
revealed as a small transition (~0.5 A) of the Thr97—
Glul02 region [28]. A configuration of the amino acid
residues of ConA that are responsible for the binding
is predominantly specific towards the mannose struc-
ture. The affinity to other monosaccharide residues is
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(a) ConA tetramer
A X

(b) ConA monomer

Fig. 4. The structural arrangement of ConA: (a) the tetramer; (b) the enlarged image of one subunit; (c¢) the ConA complex with
mannose. The receptor and mannose are shown by the blue and white colors, respectively. The Ca?' and Mn?*ions look like the
green and violet spheres, respectively. The one-letter designations of the residues are given. The distances are expressed in A.

weaker owing to structural discrepancies between
hydroxyl groups of carbohydrates and the binding sites
(Table 2).

A scheme of the binding of mannose to ConA is
presented in Fig. 4b. It is interesting that ConA does
not recognize carbohydrates until the two ion(Ca?",
Mn?")-binding sites are occupied [31, 32]. Ca?" forms
coordination bonds with the carbonyl oxygen of the
Asn residues, and the side chains are connected with
the carbohydrate ligand by the hydrogen bonds.
Therefore, the Ca?" “coordination field” fixes the side
chains for the optimal interaction with the carbohy-
drate. The cations also stabilize the lectin sites by a fix-
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ation of positions of structural elements of the second
shell, i.e., those elements that interact with other pro-
tein groups. Mn?* does not coordinate the residues
which directly interact with the protein, but fixes the
position of Ca?". The conformational change in the
protein which occurs only in the course of its binding
to the metal ions is considered to be necessary for the
formation of the carbohydrate-binding site [31, 32].
This hypothesis is experimentally confirmed by an
analysis of the IR absorption spectra of ConA with dif-
ferent mannose ligands (o.-mannose and galactoman-
nan) [34]. ConA specifically binds the residues of
o-D-mannosyl and o-D-glucosyl in the terminal
position of branched structures of B-glycans, for
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Table 2. The values of the dissociation constants (Kj) of the ConA complexes with the carbohydrate ligands, which are cal-

culated at the receptor—ligand ratio of 1 : 1

K, of the ConA
No. Ligand ¢ o1 thef-on Conditions, method |Reference
complex, uM
OH FTIR: changes [34]
OH :
1| Man o 350 + 30 lzr;;isl’ec“a’ pH 74,
HOS OH
2 | ChitMan5 55+3
3 | ChitMan90 162
4 | GalMan (200 kDa) 520 £ 40
H 0, o O H
OH OH OH OH
— 0 H H o—
H H H OH
5 | diMan (dimannoside) 84 + 8 Opposite titration at [45]
6 | triMan (trimannoside) 91+04 |pHS5.5,2983K
7 | MeMan 156 + 12
23.0£0.3 The fluorescence [44]
8 | MeUmb-Man (29.2+0.4 |quenchingat pH 7.2,
at pH 5.5) 298.3 K
9 | MeUmb-diMan 7.2+0.3
10 | MeUmb-triMan 122+04
11 | Me-a-Glc 510 Isothermal titration [47]
12 | Me-o-GlcNAc 930 calorimetry at pH 7.2,
13 | Maltose 760 298K
14 | Maltotriose 750
15 | MeMan 122
16 | Me-02-D-Glc 365
171 0(1,2)-Mannobiose Man-2 Man— OH 2.4
18 | Me-0u(1,2)- al,2 al 71
Dimannoside Man Man—OMe .
19 o(1,2)-Trimannose Man—22Man-22 Man—OH 2.6
20| (1,3)-Mannobiose Man->" Man— OH 71
21 | Me-o(1,3)-Dimanno- ,
. (1,3) Man o3 Mana—lOMe 30
side
22 o(1,6)-Mannobiose Man ol,6 Man——OH 75
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Table 2. (Contd.)
K, of the ConA
No. Ligand d OTHe L0 Conditions, method |Reference
complex, uM
23 . . ol,6 ol 123 Isothermal titration [47]
Me-o(1,6)-D d i I
¢-0(1,6)-Dimannoside Man Man OMe calorimetry at pH 7.2,
24 150 2K
B(1,2)-GleNAc-Man GleNac—-~ Man—OH
25 | 3,6-di- O-(mannopyranosyl)-o.- 3.0
Man _ a6
mannopyranose
Man—OH
Man{
26 | Me-3,6-di- O-(Mannopyranosyl)-o.-mannopyranoside 2.0
27 | 3,6-di-0-(B(1,2)-GlcNAc-mannopyranosyl)-o.- 0.71
GlcNac22Man ol 6
mannopyranose M OH
an—
GlcNac 22 Man{
28 | 6-(3,6-Dimannopyranosyl)-3-(o-mannopyranosyl)-o- 1.5
Man _ a6
N
M
mannopyranose Man—g 3 M a6
Man—OH
Man—"a,3
29 | Man7-glycopeptide (model) 3.3 (Kywas

al,2

Man Man _ a6
N

Man

— ol 6
Man
ol 3 Pl

Man
Man al,3

1.4 Bl
GIcNAc—GIcNAc——Asn

ol,2
Man

30 | Man8-glycopeptide (model)

— ol,6
Man §
ol3 Pl

Man
Man™ 4 3

al,2 ol 2

Man Man

Bl.4 Bl
GIcNAc—GIcNAc——Asn

determined for
the mixture of
Man7 and
Mang)

31 | Man9-glycopeptide (model)

ol,2
Man

Man _ al.6
™~

Man

ol,2
Man——Man~q 3 % b

Man

Bl.4 Bl
GIcNAc—GIcNAc——Asn
ol 2

ol 2
Man——Man Man™ ¢ 3

0.91
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Table 2. (Contd.)

No. Ligand Kqofthe ConA Conditions, method |Reference
complex, uM
32 — ] Isothermal titration [48]
@ calorimetry at pH 7.2,
Hoﬂgﬁ 298 K
(0]
HO HOO QH
ILOO /0 0.24
OH Oto
s
HN—4
NH@
33 — ]
Hgoﬂgﬁ
HO 0
HO HOOO OH
o)
ioo%oﬁﬂ%ﬂ_ 0.074
0
s
NH
NH 4
©
34 | D-Glucose 4070 The Landsteiner inhibi- [27]
35 | D-Mannose 890 tion method *
36 | D-Fructose 1790
37 | Galactose >22500
38 | Allose (low affinity)
39 | Methyl-o-D-glucopyranoside 510
40 | Methyl-B-D-glucopyranoside >12700
41 | Methyl-a-D-mannopyranoside 122
42 | Methyl- N-Ac-o-glucosamine 1015
43 | Methyl-o-D-fructopyranoside >30000
44 | Methyl-B-D-fructopyranoside 173
45 | Methyl-o-D-fructopyranoside 3200
46 | Methyl-B-D-fructopyranoside 1160
47 | Methyl-a-L-sorbopyranoside 630
48 | Maltose 880
49 | Isomaltose 450
50 | Cellobiose >22 500 (low
51 | Laminaribiose affinity)
52 | Genciobiose
53 | Sucrose 4710
54 | Sophorose 1420
55 | 2-O-B-D-Galactopyranosyl-D-glucose
56 | Methyl-o-sophoroside 245
* The Kj values of ligands nos. 34—56 were calculated relatively to Me-ai-Man (ligand no. 15).
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 48 No. 1 2022



MANNOSE RECEPTORS OF ALVEOLAR MACROPHAGES 55

example, mannoglucan or glucomannan. ConA has
four binding sites that correspond to four identical
subunits.

Liener et al. [27] studied the influence of the struc-
tural organization of a ligand on the stability of the
complexes and determined the affinity of monosac-
charides and oligosaccharides to ConA. The dissocia-
tion constants (K,) of the complexes of carbohydrate
ligands nos. 34—56 with ConA are given in Table 2
(the constants were calculated relatively to the
MeMan etalon). Disaccharides (for example, maltose
and isomaltose) were found to be bound slightly better
than mannose. The methyl derivatives of carbohy-
drates often have a better efficiency. A deterioration or
improvement of the binding depend on a spatial orien-
tation of the hydroxyl group (o or B), and the differ-
ence can achieve 1—2 orders. ConA is more preferably
bound to o-D-mannopyranosides than to the corre-
sponding -anomers [27]. However, the opposite pic-
ture is observed in the case of fructose.

The most specific monosaccharide ligand from the
paper of Liener et al. [21] was methyl-a--mannopyra-
noside which was seven times more effectively bound
to ConA than mannose. Titov et al. [35] confirm this
fact in the review article [35] that was devoted to the
determination of the binding efficiency of ConA to
free anomers and their glycocluster conjugates with
cyclodextrin. The ELLA method (an analysis of lectin
that was based on a competitive binding of ligands to
the enzyme-labeled lectin) demonstrated that the
conjugates of B-cyclodextrin and the mannose resi-
dues without a spacer did not inhibit the lectin binding
to mannan (from Saccharomyces cerevisiae) and did
not compete for the ConA binding sites, because the
conjugate affinity was significantly lower than that of
mannan. On the other hand, the conjugates with a
spacer (2-mercaptoacetamide, thiourea, and ethane-
1,2-dithiol), the presence of which is necessary for
overcoming the steric hindrance, demonstrated the
strong binding to ConA and proved to be 16—17 times
effective than methyl-o-D-mannopyranoside. The
mannose residue in the conjugate with the spacer was
shown to be ~2.4 times more active than the univalent
methyl-mannoside. The main role in the increase in
the binding strength is played the spatial organization
and structure of the mannose ligands. A promising
way for improving the binding efficiency was use of the
spacer of optimal length, which would provide a bal-
ance between the density of the mannose ligands and
the absence of steric hindrance.

Thus, ConA is an available and relevant model
object for studies of interactions of the mannose
receptors of AM with different ligands, because ConA
is an available natural compound that allows the deter-
mination of the binding parameters without the com-
plex in vitro and ex vivo experiments with MRs them-
selves.
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Modern analytical methods must be used for the
ligand—receptor investigations. Such methods are
described in the next section. It should be noted that
development of modern technologies creates the pos-
sibility to obtain reliable data on the intermolecular
interactions which directly determine the binding
mechanism, on structures of ligands and proteins, and
on expression of receptors on the AM surface.

DETERMINATION
OF THE BINDING PARAMETERS
OF CARBOHYDRATE LIGANDS
WITH MANNOSE RECEPTORS
AND MODEL LECTINS

Fast and well reproducible methods for the deter-
mination of parameters of the receptor—ligand bind-
ing are necessary for an analysis of properties of syn-
thesized carriers with the function of the addressed
targeting to the mannose receptors of macrophages. In
the next section, we discuss the methods for an analy-
sis of these interactions and compare characteristics of
the methods.

IR-Fourier-Spectroscopy: Attenuated Total Reflectance
(FTIR-ATR)

IR spectroscopy is a promising method for an
investigation of the protein—ligand interactions. This
method allows a determination of the features of a
structure, active sites, and spatial orientation of mole-
cules, evaluation of conformational changes in pro-
teins, and measurements of the K values of the ligand
complexes [34]. Advantages of the IR-Fourier spec-
troscopy in the regime of the frustrated total internal
reflection (FTIR-ATR) are high sensitivity and an
application of small amounts of the analyzed sub-
stance. This method does not require optical transpar-
ency of the sample, and the protein spectrum can be
recorded in a suspension, in an aggregated state, or in
composition with membrane fragments.

This method is widely applied in the analysis of the
secondary structure of a protein. The Amide I band (a
contribution of the valent vibrations of the C=0 and
C—N bonds are 80% and ~15%, respectively) and the
Amide II band (the main contribution of the deforma-
tion vibrations of the N—H bonds is ~80% and the
minor contribution of the valent vibrations of the C—
N bond is ~15%) are of a special importance in the IR
spectrum of the protein (Fig. 5), because these bands
correspond to the vibration of a peptide bond [31]. The
Amide T area of the spectrum (1600—1700 cm™!) is of
great interest, since precisely this area is the most sen-
sitive to changes in the protein secondary structure.

Naismith et al. [36] and Gerlits et al. [37] have
revealed the changes that occur in the secondary lectin
structure during the binding to the mannose ligands
(this data is described in the X-ray analysis section in
detail) by X-ray analysis and neutron crystallography.
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The influence of these conformational changes on the
IR spectrum of lectin is illustrated in Fig. 5. The for-
mation of hydrogen bonds during an arrangement of
the protein secondary structure results in a change in
energy of the vibrations of the peptide bonds. Bands
that correspond to the valent vibrations of the N—H
and C=0 bonds are shifted in the low-frequency area
of a spectrum (the area of the lower energies), because
the presence of a hydrogen bond facilitates a displace-
ment of the nitrogen atom of the amide group and the
oxygen atom of the carbonyl group to the direction of
an acceptor or a donor of a proton, respectively, caus-
ing changes in the state of o-helixes. The Amide II
absorption area is shifted to the high-frequency area,
because the hydrogen bond prevents a deformation of
the N—H bond. Moreover, a decrease in the intensity
of the Amide II band is observed due to the formation
of hydrogen bonds and Van der Waals interactions. As
a result, a screening of regions of the peptide chains in
the binding site occurs, the water-mediated ligand—
protein interactions are weakened, and stability of the
complex is increased in comparison with the receptor.
The absorption intensity in the area neighboring
Amide Il dramatically increases mainly owing to a
cophase combination of a flexure in the plane of the
N—H bond and a deformation vibration of the tension
of the C—N bond, because these bonds are very sensi-
tive to the secondary structure. These events allow a
conclusion about the change in the microenvironment
of the peptide chain and B-sheets, and X-ray analysis
confirms this conclusion [36, 37].

Sukumaran [38] analyzed the secondary structure
of ConA by IR spectroscopy. The characteristic
Amide I and Amide II bands of the protein structures
were used among the analytically important peaks.
The ConA secondary structure was determined on the
basis of the spectra. The lectin contained 42% of the
B-sheets and 4% of the a-helixes. Differences in the
composition of the secondary structure between the
X-ray data and FTIR data are small and are explained
by physicochemical state of the protein samples (the
crystalline state in comparison with the solution, tem-
perature, and pH). Thus, this method is promising for
a determination of the structure of biopolymers and
lectin—ligand complexes. IR spectroscopy can
demonstrate that the Ca?>" and Mn?" cations play an
important role in the protein—ligand interaction, as
mentioned above. Le-Deygen et al. [34] found that the
complex formation with the mannose-containing
ligands resulted in uniform changes in a spectrum of
the examined protein (Fig. 5), in particular, a decrease
in the intensity of the Amide II absorption band in the
Amide-I-normalized spectra. The authors concluded
on the basis of these results that the binding with the
mannose-containing ligand would be the most effective
at a definite conformation of ConA, which was formed at
the specified concentration of Ca2* and Mn?".

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 48

— ConA5mg/mL |

20F — Ml Z
— M2 g -
— MO0.5 2
05 -
1.5 2 // =
Amide | |& N
1 1 1 1

0
1580 1560 1540 1520 1500

ATR, relative units
=
T

A,
1800

1600 1400 1200
1

0
2000

Wavenumber, cm™

Fig. 5. The IR spectrum of ConA and its changes during
the binding of the different ConA/mannose ratios. The
number after M indicates the concentration ratio between
Man and ConA [34].

In addition to a revelation of the changes in the
protein secondary structure, IR spectroscopy can
quantitatively determine the affinity of different car-
bohydrates to lectins. Le-Deygen et al. [34] identified
the most specific MR ligands of the alveolar macro-
phages by this method (the AM binding was modeled
using the ConA mannose-specific lectin). For this
reason, the ConA conformational changes were ana-
lyzed and the binding constants of the mannose-con-
taining medicinal carriers to the lectin were deter-
mined on the basis of the IR spectra of ConA and its
complexes with the ligands. The following lectin
ligands were examined: mannose (Man), ChitMan5
or 90 (chitosan of a molecular weight of 5 or 90 kDa
that was modified with the mannose), and galacto-
mannan (GalMan) (Table 2; ligands nos. 1—4). A lin-
earization of the isothermal curves of a sorption of the
ConA complexes with the mannose-containing
ligands allowed a calculation of the K values of these
complexes.

The branched trimannoside (the mannose three) is
a natural ligand for ConA. The K value of the complex

of this ligand with ConA is 0.26 x 10~ M. Chitosan
(90 kDa) which is modified with mannose by a degree
of 20% (ChitMan90) forms the most stable complex
with ConA among all the substances that have been
analyzed by Le-Deygen et al. [27]. The two-chain chi-
tosan (90 kDa) binds the lectin 3.5 and 22 times more
effectively in comparison with ChitMan5 and man-
nose, respectively, owing to the multipoint interac-
tions with several subunits of the ConA molecule,
whereas the short-chain chitosan (5 kDa) does not
exhibit such a property, though this molecule also has
the multivalent interaction with the receptor. Analysis
of the crystal structure (PDB: SCNA) gives an average
distance between the binding sites of carbohydrates to
ConA (68 A). The distance between the terminal resi-
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dues of the short-chain chitosan (5 kDDa) is no higher
than 10—15 A, whereas it is 170—185 A for the long-
chain polymer. Thus, the long-chain polymers are
able to envelop the protein and immediately interact
with two of three sites distinct from the short-chain
chitosan. Therefore, the efficiency of recognition of
the ligand by lectin is dramatically increased.

Galactomannan does not demonstrate a high
affinity to ConA and is bound much more weakly than
mannose. The mannose residues in galactomannan
are generally located in the main chain and their avail-
ability is decreased. The content of the terminal Man
residues is small. Therefore, the galactomannan bind-
ing to ConA is ineffective. The galactose residues are
unspecific to the receptor, and the galactose affinity is
25—30 times lower than that of mannose [27]. The
mannose residues of ChitMan which is bound to
ConA with high efficiency are placed on each side of
the main chain and can participate in the interaction
with the lectin.

Thus, details of the lectin—ligand interaction are
elucidated and the most specific MR ligands are deter-
mined on the basis of the results of IR spectroscopic
studies.

Fluorescence Spectroscopy

Fluorescence spectroscopy is one of the most com-
mon methods for studies of the physicochemical
properties of biological systems and, in particular,
proteins [39—45]. This method reveals changes in a
microenvironment of the protein fluorophores or in
an introduced fluorescent label. The tryptophan resi-
dues in proteins are mainly responsible for their intrin-
sic fluorescence. The wavelength range from 295 to
300 nm is used for a selective excitation of the Trp res-
idues. The absorption of Tyr and Phe is minimal at
these wavelengths. The Trp fluorescent properties are
very sensitive to its microenvironment, especially its
polarity. Correspondingly, the complex formation
with low-molecular-weight ligands and macromole-
cules, denaturing, aggregation, and other processes sig-
nificantly affect the fluorescence spectra of proteins. A
shift of the fluorescence maximum and fluorescence
quenching can be observed during the protein aggrega-
tion or the ligand binding to proteins [39—45].

Let us discuss an application of fluorescence spec-
troscopy to the determination of the efficiency of the
ligand binding to receptors. Landshcoot et al. [44]
have studied the relationship between the fluorescence
quenching and the ligand binding to ConA. The
MeUmb glycosides are prospective ligands for equilib-
rium and kinetic studies of the carbohydrate—protein
interactions. A high absorption coefficient and fluo-
rescence intensity of these glycosides (the maximum
emission at 373 nm) provide very sensitive detection.
The absorption spectra of these ligands considerably
differ in a range from 300 to 350 nm during ligand
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binding. The fluorescence properties of the ligand are
also changed. Pronounced fluorescence quenching is
observed in many cases. It is important that the
changes are well pronounced and specifically depend
on the carbohydrate structure. For example, signifi-
cant fluorescence quenching of 4-methylumbelliferyl
o-D-mannoside (MeUmb-Man) is observed during
the binding to ConA. K, of the complexes, which are
determined on the basis of a change in the fluores-
cence intensity, are given in Table 2 [44]. Trimanno-
side (triMan) has the maximum binding specificity to
ConA among ligands nos. 5—10. However, MeUmb-
diMan has the highest affinity among the presented
methylated derivatives of umbelliferon. A spatial factor
probably plays a role in this case. Three mannose res-
idues are effectively bound, but the additional residue
of umbelliferon creates a steric hindrance, and the
affinity is decreased.

Later, Landshcoot et al. [45] determined K; of
MeMan, dimannoside (diMan), and trimannoside to
ConA in the temperature interval from 285 to 313 K by
the method of the substitution titration using
MeUmb-Man as a carbohydrate-specific fluorescent
indicator. The K values at 298.3 K were gradually
decreased from MeMan, diMan to triMan (Table 2).
These constants were calculated from the fluorescence
change and by substitution titration, and the differ-
ence was within the experimental error, suggesting the
accuracy of the approach on the basis of the fluores-
cence spectroscopy. The conclusion could also be
drawn that mannotriose and its derivatives were the
most effective ligands for ConA; their receptor affini-
ties were 1—2 orders higher in comparison with other
ligands. In addition, mannotriose did not significantly
complicate the drug delivery distinct from complex
oligomeric ligands.

Anisotropy (Polarization) of Fluorescence

Fluorescence anisotropy is a rigorous method for
studies of interactions of proteins with carbohydrate
ligands. The kernel of the method is the polarization of
the emission of a fluorescent sample after its excitation
with a polarized light. Fluorescence anisotropy char-
acterizes a degree of the sample polarization and is
expressed as a difference between parallel and perpen-
dicular components of the fluorescence in terms of the
total fluorescence intensity (1) or as the fluorescence
intensities at different positions of a polarizer with
regard to G-factor (2):

r= (I — 1)/ + 21)) (1

r= ([W_G'[VH)/([W+ 2G61y),

2
where G = Iy [Ty - S

Several reasons for the depolarization (a decrease
in the anisotropy) are known. The main reason is a
rotational diffusion of fluorophores. The value of the
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fluorescence anisotropy is determined by the rate of
rotational diffusion of a fluorophore during the life
time of its excited state which, in its turn, depends on the
viscosity and temperature of the solution and the volume
of the rotating fragment of the macromolecule.

Any external conditions that affect the size, shape,
and flexibility of the fluorophore molecule (pH, tem-
perature, viscosity, denaturing under the action of var-
ious agents, and others) can influence the fluores-
cence depolarization. Therefore, the method of the
fluorescence polarization is often used for biochemi-
cal studies. A measurement of the fluorescence
anisotropy is applied to a quantitative evaluation of the
dissociation reaction of proteins with ligands [39], and
for studies of a complex formation with macromole-
cules, in particular, for the protein binding to lipid
membranes, for the antigen—antibody binding, for
protein association, etc. [39—43]. The size, spatial struc-
ture, and mobility of segments of a macromolecule are
considerably changed during the complex formation,
resulting in a change in the observed anisotropy.

The method of fluorescence polarization was used
for the determination of the binding parameters of
ChitMan5 to ConA (Fig. 6) [34]. Definite excesses of
the ChitMan5 ligand were added to the solution of
ConA that was covalently bound to the FITC fluores-
cent label, and the values of the fluorescence polariza-
tion were determined. K; = 5.5 X 10~ M was calcu-
lated from the corresponding absorption isotherm.
This value was in a good agreement with the results
that were obtained by other methods.

Yuasa et al. [46] applied the method of the fluores-
cence polarization to a determination of a relationship
between the ligand affinity to the lectin and the ligand
chain length. K, of the ConA complexes of oligoman-
nopeptides that contained 1—6 residues of -amino-
propionic acid and one trimannoside per one peptide
molecule were determined. The binding efficiency was
increased with an increase in the peptide chain length:
K, of the complex proved to be 31 X 10°* M atn =1,

and the minimum value of 9 X 10-® M was achieved at
n = 3, i.e., the most stable complex was formed. The
opposite effect was observed with the further elonga-
tion of the peptide molecule. The stability of the com-
plex was decreased due to the steric factor (12 x 107® M
at n = 6). In addition, these complexes exhibited the
higher stability (by one order) in comparison with
those with MeMan (Table 2). This fact was explained
by the multipoint interactions with the receptor simi-
larly to the chitosan—mannose (ChitMan90). There-
fore, the carriers that exhibited such a property are
promising for the specific targeting to AM.

Isothermal Titration Calorimetry

The isothermal titration calorimetry (ITC) is a
method for determining the thermodynamic parame-
ters of interactions in solution. This method is most
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Fig. 6. The dependence of the fluorescence polarization of
the FITC-labeled ConA (0.25 mg/mL) on the amount of
the added ChitManS5 ligand. The linearization of the sorp-
tion isotherm in Scatchard coordinates is shown in the
insert [34].

often used for investigation of the binding of small
molecules (for example, ligands or medicines) to
larger macromolecules (proteins and DNA). A por-
tionwise addition of a ligand to a sample cell during an
experiment causes heat absorption or heat liberation.
The energy that is necessary for maintenance of equal
temperatures of the sample and the reference cell is
measured. The enthalpy change, the Gibbs energy,
and K are calculated from the measurements.

Mandal et al. [47] studied the ConA interaction
with various mannose-containing ligands by the ITC
method. The dependence of the ligand—Ilectin affinity
on the lectin structure (functional groups and isomer-
ism) was of greatest interest. The K, values for the
ConA complexes with ligands nos. 11—31 are given in
Table 2. The following regularities can be revealed on
the basis of the calculated energies of the ligand-
receptor interactions.

(1) The bond of the C(1) and C(2) atoms of the
mannose residues in mannobioses (1,6-; 1,3-; and 1,2)
is more effective than that of the C(1) and C(3), C(1)
and C(6) atoms. The effect of a fork or an antenna is
achieved in the first case (1,2). The binding to the
larger number of atoms provides the optimal configu-
ration, and the affinity is much higher where two ter-
mini of the ligand participate in the binding. The man-
nose residues of 1,3- and 1,6-mannobioses are placed
far from each other, and no effective binding is
formed. The 1,2-isomer is bound three times more
effectively.

(2) The analogous tendency is observed for diman-
nosides (methylated mannobioses). However, the
presence of the methyl group in the o-1 position
increases the binding efficiency of the 1,2-isomer by
17 times in comparison with 1.6-isomer owing to the
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formation of additional hydrogen bonds and the
absence of steric hindrance.

(3) No significant differences in the affinity is
found for trimannosides and mannotrioses, because
the ligand contains three mannose residues which are
effectively bound in the 1,6-, 1,3- and 1,2-isomers.
The further addition of the mannose residues cannot
result in the binding improvement due to the steric
hindrance. However, the addition of the terminal
N-acetylglucosamine residues to 3,6-di-O-(manno-
pyranosyl)-o-mannopyranose increases the effi-
ciency by 4.2 times. Ligand 27 (Table 2) proves to be
the most specific to ConA among all the presented
ligands.

(4) The tendency to an increase in the ConA affin-
ity is observed when passing from monomannosides to
dimannosides and trimannosides owing to an increase
in the number of atoms that form bonds without spa-
tial hindrances.

(5) The presence of symmetrical (identical) termini
of the glycopeptide ligand as bi-antennas and tri-
antennas increases the binding efficiency: K, of Man9
differs from those of Man7 and Man8 by 3.6 times. As
a rule, different unsymmetrical groups decrease the
interaction strength with the receptor, because steric
hindrances decrease the number of hydrogen bonds.

(6) Methylation of the OH-groups of the C(6)
atoms of carbohydrates strongly enhances the affinity
to the lectin. The efficiency increases by 2.9 times for
mannose, 3.4 times for dimannose, and 1.5 times for
trimannose.

(7) Thus, the use of the triantenna ligand and sym-
metrical N-acetylglucosamine termini improves the
specificity of the ligand—receptor interaction by sev-
eral orders. K, of the ConA complexes is 122 uM for
Man and 0.71 for 3,6-di-O-(B(1,2)-GlcNAc-manno-
pyranosyl)-a-mannopyranose (15 and 27 in Table 2,
respectively). The binding efficiency increases
172 times, i.e., by two orders.

Dam et al. [48] implemented the idea of the cre-
ation of the multivalent ligand. They synthesized triva-
lent and tetravalent derivatives of trimannoside (nos.
32 and 33 in Table 2). These compounds formed vary
stable complexes with ConA (K; was approximately

107—10-8 M).

As follows from the experimental data (see Table 2),
the ligand affinity to the receptor increases with the
enhancement of the content of the available Man res-
idues. Trimannosides more effectively recognize
ConA than monosaccharides and disaccharides.
Moreover, an additional improvement of the binding
efficiency is achieved by the introduction of the termi-
nal acetylglucosamine residues (GIcNAc).

The aforementioned tendencies are explained by
differences in the N-glycosylation processes and
structures of the cell walls of bacteria and eukaryotes
(oligosaccharide antigens and exposed carbohydrate
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residues). MRs of macrophages and DCs serve for rec-
ognition of prokaryotic organisms and fungi, thus,
MRs mediate the pathogen killing and support the
inborn and adapted immunity. The CD206 receptor
binds the “open” residues of D-mannose, N-acetyl-
glucosamine, and fucose of glycans on a surface of the
pathogenic microorganisms, for example, mycobacte-
ria whose cellular wall consists of the cross-bound
peptidoglycans (murein), lipoarabinomannan, a layer
of complex polysaccharides (arabinogalactans), sur-
face mycolic acids, and a layer of external glycolipids,
which are responsible for the high bacterial resistance.
Note that the cells of yeast, plants, and insects also
have the large number of available Man residues in the
lipid-bound oligosaccharides. These Man residues are
only partially “closed” with fucose and galactose in
plants. However, animals (except mammals) have a
“protection” that consists of galactose and N-glycolyl-
neuraminic acid, and mammals are additionally “pro-
tected” by NeuSAc [49].

Thus, the multivalent oligosaccharides from the
Man and GIcNAc residues are the most promising for
the effective binding to the mannose receptors (for
example, nos. 25—33 in Table 2). The revealed regu-
larities allow a synthesis of the ligand that will be
highly specific to ConA and, hence, to MRs for an
elaboration of the optimal carrier for medicines.

Lectin Affinity Chromatography

Lectin chromatography is a form of affinity chro-
matography in which lectins are used for fractionation
of the carbohydrate-containing components of a sam-
ple. A lectin which is immobilized on an insoluble
matrix (for example, on an agarose base) serves as a
stationary phase. The mixture is fractionated in the
mobile phase via selective binding of the carbohy-
drate-containing ligands [50, 51]. The widespread car-
riers for the lectin affinity chromatography are ConA-
sepharose and sepharose-immobilized agglutinin of
the wheat germs that binds N-acetylglucosamin. The
most-used application is a separation of glycoproteins
from nonglycosylated proteins [52, 53]. The biospeci-
ficity is determined by a conformational correspon-
dence between ligands and receptor binding sites [54].

Le-Deygen et al. [34] examined the stability of the
ConA—ChitMan5 complex by this method using
ConA-sepharose as a carrier. ChitMan5 was applied
onto a column with ConA-sepharose, and the column
was eluted with a gradient of mannose (0.1—1.0 mM).
Most of the complex was found to be decomposed
with a 7.5-fold excess of mannose; hence K, of the
ConA—ChitMan5 complex was ~7.5 times lower than
that with mannose. This fact was in a good agreement
with the calculated K of the complexes; the K; values
were differed by ~7 times (Table 2). Therefore, param-
eters of the ligand—protein binding could be deter-
mined by affinity chromatography relatively to an
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etalon, and one could also prove that a ligand specifi-
cally interacted with ConA precisely in the mannose
binding site.

The method of lectin chromatography is used for a
preparative isolation of lectins from cells. Argayosa
et al. [55] reported an isolation of the mannose-bind-
ing lectin (MBL) from a serum of the African sheat-
fish. An affinity column with mannan—agarose was
used for purification of the protein. The isolation of
this lectin stimulated an investigation of interactions
with pathogens that expressed the mannose ligands.
Components of the cellular wall of the C. albicans
pathogenic yeasts that contained B-1,2-bound oligo-
mannosides and phosphomannan from the cellular
wall of the S. cerevisiae were potential target ligands for
the mannose-binding lectin. The bacterial cells with
lipopolysaccharides which contained many terminal
mannose residues (ManNAcCUA-GIcNAc and Glc-
ManNAcUA-GIcNAc) were also effectively recognized
by MBL.

Pawley [56] applied affinity chromatography to
isolation and identification of rice proteins. The rice
extracts were fractionated by column affinity chroma-
tography using mannose as a ligand. The bound frac-
tions were eluted and subjected to electrophoresis and
HPLC. One hundred and thirty-six various mannose-
binding proteins were obtained from rice. A compara-
tive analysis demonstrated very little overlapping of
the identified proteins between the corresponding tis-
sues. Almost 15% of the proteins were not described
before, pointing to an importance of this chromato-
graphic method for lectin isolation, including the man-
nose-binding lectins, and studies of their properties.

Confocal Microscopy

Confocal or laser scanning microscopy (CLSM) is
widely used for a visualization of biological objects at a
submicron scale, including AMs which interact with
medicamentous molecules in nanoparticles [57, 58].
The “capture” of two-dimensional images at different
depths in the sample allows a reconstruction of three-
dimensional structures inside the object.

Ghotbi et al. [59] studied the binding and the
absorption efficiency of the mannan-decorated
nanoparticles from the lactide—glycolide copolymer
by the dendritic cells (DCs). The DC suspensions
were stained by the FITC-labeled CD11c (the integrin
that induced the cellular activation and the synthesis
of the reactive oxygen species for a fight against patho-
gens). The nuclei were stained with diamino-2-
phenylindole. The fluorescent staining of parts of the
cells demonstrated that the dendritic cells expressed
the mannose receptors and CD11¢ similarly to macro-
phages. In addition, the interaction of the different
mannan-decorated nanoparticles (the carriers with
the absorbed mannan or the mannan that was chemi-
cally bound to DCs were taken) was examined by
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CLSM (Fig. 7). Singular cellular images of the fixed
cells confirmed the effective intracellular absorption
of the mannan-modified particles, rather than weak
binding to the DC surface as observed in the case of
the nonmannosylated nanoparticles. The presence of
the point red spots in the cytoplasm affirmed this fact.
All the types of modified particles penetrated into
DCs, but the particles with the covalently-bound
mannan proved to be the most effective (Fig. 7¢).

Chen et al. [60] determined absorption of various
nanoparticles by the J774E MR-expressing cells of the
mouse macrophages by CLSM using the fluorescent
labels (FITC and 4',6-diamino-2-phenylindole). The
spacer length, the distance between the mannose resi-
dues, and the molecular mass of the polymer were var-
ied. The optimal parameters of the carrier at which the
absorption by the target cells was the most effective
were determined on the basis of the data obtained.
Figure 8 illustrates an influence of the number of the
mannose residues per one nanocapsule and the dis-
tance between the mannose residues on the cellular
absorption of the modified carriers. The particles in
which two mannose residues were at a distance of 56 A
from each other (this distance was close to that
between the ConA binding sites) proved to be optimal.

Thus, confocal microscopy with the application of
fluorescent labels allows an investigation of a relation-
ship between various parameters of the drug carrier
(size, molecular mass, modification degree, and dis-
tance between the mannose residues) and its absorp-
tion by the target cells (MPhs and DCs).

Flow Cytometry

Flow cytometry (FC) is a highly informative
method for studies of cells in dispersion media in a
regime of single analysis of elements by means of light
dispersion and fluorescence. Cells are evenly passed
through a center of focused laser beams in a flow
cytometer for an exact measurement of the cellular
optical properties [61, 62]. The FC results can be
imaged as histogram or two-dimensional or three-
dimensional point diagrams. Areas on these regions
can be subsequently divided on the basis of the fluo-
rescence intensity. Several areas that characterize an
expression of definite antigens can be separated. The
fluorescence diagram is analyzed as follows: the fluo-
rescence values of two fluorophores that are propor-
tional to the number of cells with the analyzed antigens
of the surface ligands are plotted on the axes, respec-
tively, and an expression of molecules in the examined
sample is determined [63].

Ying et al. [64] have used FC for determination of
the surface expression of antigens and the mannose
receptors (CD11b, F4/80, CDllc, CD206, CD69,
CD80, and CD86) which were responsible for the rec-
ognition of the mannose ligands on MPhs. The
authors have also studied changes in the phenotype of
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MN-W2-COOH NP

MN-Ads-COOH NP

MN-Cov-COOH NP

Fig. 7. A visualization of the absorption of particles by the dendritic cells with the use of the confocal microscopy: (a) MN-W2-
COOH NPs; (b) MN-Ads-COOH NPs; (c) MN-Cov-COOH NPs, (MN, mannan; W2, emulsification; Ads, adsorbed; Cov,
chemical binding; NP, nanoparticle). The red points inside the cells indicate the localization of the TMRD-loaded nanoparticles

in a cytoplasm. The scale interval is 5 um [59].
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Fig. 8. The fluorescence intensity (the relative units) as an indicator of the cellular absorption of the drug carriers depending on
(a) the number of the mannose residues per one polymer molecule and (b) the distance between the mannose residues [60].

macrophages during their activation by FC. Two vari-
ations of the M Ph activation have been considered: the
classic activation (the M1 immunoactive) and the
alternative activation (the M2 opposite). As discussed
above, the MPhs are activated under the action of sig-
nal substances which were produced in response to an
exposure to negative factors, for example, viruses or
bacteria. M1 depends on the Toll-like receptors
(TLRs) and the activation of the nuclear factor that
induces production of such cytokines as TNF-a and
IL-1B, resulting in an enhanced release of the reactive
oxygen species, for example NO [65, 66]. Therefore,
immune-activating M1 MPhs kill viruses and bacteria.
On the contrary, the M2 activation of macrophages
(under the action of the IL-4, IL-10, or IL-13 cyto-
kines) results in an increase in the expression of
CD206 MR and arginase. The M2 MPhs produce
polyamines (in order to induce proliferation) or pro-
line for the collagen synthesis. These M Phs are associ-
ated with wound healing and tissue reparation. The
anti-inflammatory MPhs are activated in the M1
direction during the early phase of the Mycobacterium
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tuberculosis infection. Further, MPhs acquire pre-
dominantly the M2 phenotype in order to preserve the
tissue homeostasis of lungs and avoid the cytokine
storm.

The addressed targeting to AMs can be used in sev-
eral cases. First, mycobacteria penetrate inside MPhs,
gain protection, and block the immune-activating
function of AMs during severe disease. In this case,
delivery of antibacterial agents (for example, rifampi-
cin) is necessary for killing the pathogen because the
immune system cannot overcome the disease. Second,
the normal quantities of the M1 and M2 activated
MPhs exist. Both excess and deficiency of the definite
AM phenotype result in disorders of the functioning of
the immune system. The level of the M1 and M2 acti-
vation can be stabilized by a treatment with therapeu-
tic agents, for example Yy-interferons, interleukins,
methyl uracil, the bacteria-imitating lipopolysaccha-
rides or, on the contrary, by an administration of
inhibitors of the T-lymphocyte functions, blockers of
the IL-33 receptors, or the interferon neutralizers.

No.1 2022



62 ZLOTNIKOV, KUDRYASHOVA

107
10°
103
10*
10°
102
10!

F4/80

10" 10% 10° 10* 103 10° 107
CDl11b

107

10°

10°

CDllc

10*

0 10* 10° 10° 107
CD206

Fig. 9. An analysis of macrophages by flow cytometry. The number of the fluorescent cells is plotted along the axes. All the exam-
ined macrophages express the CD11b integrin and the F4/80 antigen. The CD11b+F4/80+CD11c+CD206_ phenotype is found
for the M1 MPhs, corresponding to the Q, area, whereas the M2 MPhs are the cells with the CD11b*F4/80*CD11c~CD206™

phenotype (the Qg4 area) [64].

Ying et al. [64] investigated the MPh activation
through the M1 and M2 paths. The L-929 macro-
phages that were widely used as the in vitro model were
obtained from mouse bone marrow. The M1 and M2
activations were stimulated by lipopolysaccharides
and by IL-4 and IL-13, respectively. The FC method
demonstrated that the MPh activation via both path-
ways resulted in an augmentation of the MPh size and
increase in the expression level of antigens and pro-
teins on the cellular surface (CD206, CD69, CD80,
and CD86) (Fig. 9). In the case of M2, the level of
expression of CD206 and the above mentioned anti-
gens was enhanced by 3—5 times, whereas M1 caused
an even higher increase by 10—50 times. Thus, the
changes that occurred in MPhs during their activation
were revealed, and the biomarkers for both MPh phe-
notypes were determined by FC.

In addition, the FC method allows a determination
of the phenotype of MPhs and DCs [67]. The MPh
receptors were examined using neoglycoconjugates in
which a carbohydrate is attached to the fluorescein-
labeled polyacrylamide. The synthesized ligands were
bound to MPhs from the blood of healthy donors. An
expression of the CD11c, CD14, CD36, and CD40 on
MPhs was determined according to a change in the
fluorescence intensity by FC. The CD83, CD86, and
CD15 that were characteristic of the dendritic cells
were not found on the MPh surface. These results
exactly pointed to macrophages and the state of their
activation in vivo (because other ways of the MPh acti-
vation can exist and can be identified from the MPh
phenotype). Moreover, possibilities of a targeting to
these MPh antigens and a regulation of the MPh acti-
vation are opened up.

Another example of the FC application to the
phagocytosis investigation is a study of the role of the
MPh lectins, in particular, Siglecs (the sialosid-bind-
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ing lectins), in elimination of the apoptotic bodies as
one of the important macrophage functions [67].
Studies of the phagocytosis process, in particular the
receptors that are responsible for a primary recogni-
tion, give possibilities for a directed stimulation of
phagocytosis at early stages of oncogenesis. Lectins
participate in phagocytosis through a binding to the
complementary carbohydrates of the target cells. Neu-
trophils first penetrate into a cancer and, then, attract
the secondary effector cells (macrophages and cyto-
toxic T-lymphocytes) to this cancer. These cells
secrete products that can activate neutrophils and
their anticancer activity. MPhs and immature DCs
also can absorb cancer cells. Therefore, a stimulation
of the neutrophil penetration into the cancer tissues
can be a promising method for a treatment of oncolog-
ical diseases.

The sialosid-binding lectins (siglecs), such as
siglec 1, 5, 10, 11, and 15, are expressed on macro-
phages and can be used as a target for an immunother-
apy [68—70]. Siglecs are exposed on the immune and
blood cells, recognize chains of glycoproteins and gly-
colipids of a cellular membrane, and participate in
pathogen recognition. Rapoport et al. [67] performed
FC analysis of the interaction of macrophage from the
blood of a healthy donor and a patient who suffered
from breast cancer and found that the cells involved
the siglec which interacted with the NeuSAca(2—
3)Gal-containing and Neu5Ac-o(2—6)Gal-contain-
ing glycans, and an expression of this siglec was
increased during the disease. However, siglecl and
siglec5 exhibited the highest affinity to NeuSAc-
0OBn. A conclusion was drawn on the basis of the
change in the lectin expression that they play a key role
in the MPh and DC recognition and the subsequent
elimination of the apoptotic bodies.
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X-ray Analysis (XRA) of the Complexes of Lectins
with the Mannose Ligands: Neutron Crystallography

Crystallographic methods are effective for the
studies of structures of the protein—ligand complexes.
Naismith et al. [36] studied the interaction of ConA
with 3,6-di-O-(mannopyranosyl)-o.-mannopyranose
(hereinafter referred to as trimannoside) by XRA of a
monocrystal of the lectin—ligand complex with a res-
olution of 2.3 A. The authors identified the sites that
were responsible for the binding. 1,6-Terminal man-
nose (03, 4, 5, and O6 were most involved) was bound
to Tyr12, Asnl4, Gly98, Leu99, Tyrl00, Ala207,
Asp208, Gly227, and Arg228. The reducing carbohy-
drate (02, 4) was bound to Tyr12, Asp16, Leu99, and
Arg228. The 1,3-terminal mannose (O3, 4) interacted
with Tyr12, Prol2, Asnl4, Thrl5, and Aspl6
(Fig. 10a). In addition, the distances between the
interacting atoms were determined (2.5—3.5 A, 3 A in
average). The O6 atoms proved to be effectively
involved in the binding to the lectins which consisted
of several mannose residues. Thus, the affinity of
dimannoside to the 1,6-bond was decreased, because
the O6 atom could not interact with ConA, and the
constant values confirmed this fact (Table 2).

Gerlits [37] determined in more detail how the
interaction of the ConA with mannobiose occurs by
neutron crystallography (Fig. 10b). The tetrameric
lectin binds mannobiose on a region of the protein
surface (12—16, 98—100, 207, 208, and 226—228
amino acid residues), and these results were in a good
agreement with the data of Naismith et al. [36]. The
unreducing (terminal) mannose residue (Manl)
formed six direct hydrogen bonds and one water-
mediated interaction with ConA, whereas the reduc-
ing mannose residue (Man2) had only one direct
hydrogen bond and one water-mediated contact. The
disaccharide had an advantage over monosaccharides
owing to the additional interactions. Manl O3 formed
the hydrogen bond with the carboxyl group of Asp71,
and Man2 O1 had the strong hydrogen bond with the
main chain of the Ser184 carbonyl. The mannobiose
binding did not significantly change the carbohydrate-
binding site of ConA, but the Asp16 and Leu99 atoms
of the main chain were considerably affected. Both of
them were shifted by ~1 A in the direction of the disac-
charide with the formation of hydrogen bonds and
hydrophobic interactions with the ligand. Only posi-
tions of side chains of other residues were changed.
For example, Tyr100 and Arg228 in the ConA—man-
nobiose complex were shifted from their correspond-
ing position in the ConA structure in order to prevent
the steric hindrances. Thus, the ConA binding site was
already preliminarily formed before the disaccharide
binding. The ligand binding induced small alterations
in the positions of the side chains of the proximal
amino acid residues.

XRA demonstrates that, in a number of cases, two
variations of the lectin binding to a ligand occur [71].
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Such bindings are shown by the examples of structures
of the ERGIC-53 and VIP36 mannose-specific lec-
tins of the L type which contain the ConA-like carbo-
hydrate recognition domains (CRDs). The carbohy-
drate-binding site of ERGIC-53 also requires the
presence of the Ca?' ions. The Man-o0(1,2)-Man
ligands are identified according to a change in the
electron density in the four CRD sites. Site 3 interacts
with Asp121 (O1 and O2), Asn156 (N2), Gly251 (N),
Gly252 (N), and Leu253 (N) via hydrogen bonds in
the complex. Phel54 is involved in the hydrophobic
interaction with the C4, C5, and C6 atoms of this
mannose residue. The mannose residue of site 2 forms
a hydrogen bond between 4-OH group and Ser88. Two
alternative ways of the Man-o(1,2)-Man accommo-
dation in the CRD carbohydrate-binding site of
ERGIC-53 are possible: sites 1, 2, and 3 are involved
according to the first way (regime I), whereas sites 2, 3,
and 4 participate in the second way (regime II) (Fig. 11).
The same variations exist for ConA. The 3-OH group
of Man (D1) is placed outside the carbohydrate-bind-
ing pocket (regime I), and the Glc-o(1—3)-Man bond
is formed without any steric hindrances. However, this
binding regime is not characteristic of CRD VIP36,
because the Man(4) reducing mannose residue inten-
sively interacts with Tyrl64 in site 4, and regime 11
dominates. In this regime, the Man residue (D1) is
placed in site 2 of ERGIC-53 in the direction of the
loop that involves Gly251, Gly252, and Leu253 due to
the absence of the bulky side chain of aspartate. Such
a structural position provides the carbohydrate recog-
nition by ERGIC-53-CRD without steric hindrances.
Two binding ways are also typical for ConA, but the
second way is predominant [72].

Moothoo et al. [72] have discussed the recognition
ways of the ConA mannose residues. The reducing
terminal carbohydrate of subunit A is recognized by
the monosaccharide site via a combination of hydro-
gen bonds, polar contacts, and Van der Waals interac-
tions similarly to that for methyl-o.-D-mannopyrano-
side. A shift of the position of the mannose ring by
0.3 A from the binding place is observed. The unre-
ducing residue occupied the new place, and the main
conformation was formed. On the contrary, the unre-
ducing terminal mannose residue of subunit D is
located in the monosaccharide site and interacts with
Gly98, Serl68, and Thr226. The reducing residue
takes the other conformation relatively to the glycoside
bond in order that the methyl group can penetrate into
the hydrophobic pocket. The electron density appro-
priate for both binding ways is observed for the third
subunit, and both variations occur. The binding
regime in subunit A is impossible for subunit D owing
to small structural differences of the sites. Although
the amino acid sequences of all the four subunits of
ConA are identical, small differences exist in their
structural organization (the relative location of the
chains), resulting in the above-discussed peculiarities.
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Fig. 10. (a) The interaction of ConA and 3,6-di-O-(mannopyranosyl)-o.-mannopyranose (trimannoside). The green and yellow
colors correspond to the receptor and the ligand, respectively. The green and violet spheres are Ca?" and Mn , respectively. The
one-letter indexes of the residues are given. The distances are expressed in A. PDB: 1ONA; (b) the interaction of ConA with
dimannose (according to X-ray analysis). The yellow and blue colors correspond to the receptor and the ligand, respectively. The
distances are expressed in A [37].

Thus, the crystallographic methods allow studies Combination of Various Methods for a Determination

of the protein—ligand interaction at the atom—molec- of the Ligand— Receptor Binding Parameters
ular level, reveal the common lectin motifs for carbo-
hydrate recognition, and obtain data on the structural Several methods are used for a complete and

organization of the complexes for computer modeling.  detailed analysis of the protein—ligand interactions.
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(a) Binding regime I

(b) Binding regime 11
" Region 4

Fig. 11. Regimes (a) [ and (b) II of the binding of the ERGIC53 lectin to the mannose-containing ligand [71].

Such an approach allows an increase in the data ade-
quacy and determination of the binding parameters.
We will discuss the investigation in which confocal
microscopy and flow cytometry are used for an analy-
sis of the absorption of a drug carrier and spectral flu-
orescence for a confirmation of the addressed delivery.
Freichels et al. [73] studied the binding of the man-
nose ligands (mannose, dimannosides, and trimanno-
sides) that were immobilized on nanocapsules (NCs)
from the covalently bound hydroxyethylstarch and
polyurethane to the model ConA receptor and DCs by
the fluorescence methods, flow cytometry, quantita-
tive NMR, and confocal microscopy. The ability of
the mannose-functionalized NCs to interact with the
FITC-labeled Galanthus nivalis agglutinin was exam-
ined depending on the type of mannose ligand, the
density of the mannose residues per one surface unit,
and the presence of the PEG linker. The interaction of
these mannosylated NCs with the fluorescent lectin
demonstrated a steric availability of mannose during
the binding to the model ConA receptor. The best
binding was observed for diMan and triMan which
were placed on the NC surface owing to the high affin-
ity of the lectin to these carbohydrates in comparison
with mannose (Table 2). The introduction of the PEG
linker between NCs and the carbohydrate resulted in
an increase in the interaction with the receptor that
was mainly associated with the better availability of
Man. The quantitative parameters of the carriers were
determined by *C NMR. The optimal surface density
of the ligands proved to be 0.13 units/nm?. This value
was equivalent to 26 000 of the mannose ligands per
one nanocapsule.

The target function of the mannosylated NCs were
demonstrated for DCs. Absorption of NCs by the den-
dritic cells was grown by ~3 orders due to the binding
of the cellular receptors to mannose on a surface of
these capsules. This binding was demonstrated by FC
with the use of the FITC-labeled NCs. Confocal laser
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scanning microscopy showed that the unmodified
NCs were mainly nonspecifically absorbed on the
cells, whereas the mannosylated triMan NCs were
more effectively absorbed by the target cells. However,
the differences in the binding efficiency of the manno-
sylated carriers were weak (<2 times), therefore, all the
examined nanocapsules could be considered as effective.

Thus, the results of the above-described experi-
ments suggest that the interactions of ConA, MPhs,
and DCs with the mannose receptors are similar. The
same tendencies are observed: an increase in the num-
ber of the mannose residues in a ligand results in an
improvement of the efficiency of the ligand—receptor
binding, and the presence of spacers in a carrier is nec-
essary. The in vitro experiments with the model pro-
teins are required for a determination of the most
affinity ligands with regard to the optimal degree of
mannosylation, the optimal molecular mass of a mol-
ecule, and the presence and nature of a spacer. Bio-
safety, biodegradation, and the specific interaction of
the selected conjugates with the target receptors of
cells (MPhs) are further examined.

CREATION OF THE MANNOSYLATED
CARRIERS FOR THERAPEUTIC AGENTS
WITH THE ADDRESSED DELIVERY
FUNCTION

The glycosylated polymeric carriers (conjugates of
such natural polymers as chitosan, dextrins, lipo-
somes, PEG with carbohydrate fragments, including
mannose, galactose and others) are successfully used
for a delivery of different therapeutic agents, including
antiviral drugs (azidothimidine and stavudine), anti-
tumor medicines (methotrexate and doxorubicine),
antituberculous drugs (rifampicin), antigens (the sur-
face antigen of the hepatitis B virus), and others [74].
A promising approach is the creation of carriers for
antituberculous drugs (ATDs) that are targeted to the
mannose receptors of the alveolar macrophages. A
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high efficiency of the AND delivery to the macro-
phages with the use of the Man-containing carriers
has been demonstrated in the in vitro experiments.
Methods for a synthesis of complexes and conjugates
of various carriers (polymers, liposomes, and lipid
particles) with mannose are well-proved. One can pre-
pare particles of the desired composition, size, and
modification degree. Favorable in vivo effects are
found for the ATD-loaded mannosylated carriers
(liposomes, solid lipid particles, and chitosan), in par-
ticular, an enhancement of the basic and maximum
ATD concentration in lungs, a decrease in the ATD
concentration in the blood plasma (an alleviation of
the toxic effects of medicines), and the absence of the
hepatic toxicity. Below, we will discuss examples of the
created systems of the addressed delivery of drugs and
their efficiency.

Liposomes: Lipid Particles

An application of the mannosylated liposomes to
the ATD delivery is reasonable and effective for an
enhancement of the basic and maximum concentra-
tion of ATDs in lungs. Garg et al. [75] demonstrated
that the liposome glycosylation increased the degree of
absorption of azidothimidine (the antiviral drug, the
nucleoside inhibitor of the reversed transcriptase of
the human immunodeficiency virus) by the alveolar
macrophages in 8.5 times in comparison with unmod-
ified carriers.

Chono et al. [76] obtained similar results in the
course of their studies of a relationship between the
mannosylation degree of liposomes and their absorp-
tion by AMs. 4-Aminophenyl-o-D-mannopyrano-
side was used for the modification, and the liposomes
(the particle size was 1 um) with different mannosyla-
tion degree were prepared. The AM absorption of the
liposomes in the in vitro experiments was increased
with an increase in the mannosylation degree within
the range from 2.4 to 9.1 molar Man % and was not
further changed. The mannosylated liposomes (9.1%
Man) were more effectively delivered to AMs in the in
vivo experiments after the lung aerosolization of rats in
comparison with the unmodified liposomes (24 and
13%, respectively). The NR8383 cells absorbed the
mannosylated liposomes by endocytosis which was
mediated by the mannose receptors. This process was
demonstrated in the experiment of the competitive
binding in the presence of mannose [76]. Thus, the
liposome modification with mannose was shown to be
effective for the addressed targeting to MR of macro-
phages.

Kawakami et al. [77] and Wijagkanalan et al. [78]
proposed a promising method for the liposome modi-
fication during studies of the intratracheal administra-
tion of the mannosylated liposomes (Man-liposomes)
with a different ratio of the mannosylated cholesterol
derivatives (Man-C4-Chol) to mice. The chemical
structure and physicochemical characteristics of
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Man-C4-Chol met the conditions of a transfection
into MPhs. Man-C4-Chol were positively charged
and were effectively recognized by the mannose recep-
tors. Man-C4-Chol derivatives were shown to exhibit
a high transfection activity. The cells absorbed the
Man-liposomes with the 7.5 and 5% content of Man-
C4-Chol ~3 times more effectively than those with
2.5% and zero content of Man-C4-Chol. In addition,
the Man-liposome absorption was significantly inhib-
ited by the mannose excess, suggesting mannose-
receptor-mediated endocytosis [77, 78]. The high
internalization efficiency and the selective targeting to
AMs were observed in the in vivo systems after the
intratracheal administration of the highly-manno-
sylated liposomes (7.5%) to rats.

Solid lipid nanoparticles (SLNs) are used as lipid
carriers of medicines along with liposomes. The SLN
absorption by cells can be increased due to the SLN
larger size (200—500 nm). However, solid lipid
nanoparticles are generally used for the water-insolu-
ble drugs, whereas liposomes are more universal.
Nimje et al. [79] studied possibilities of the SLN appli-
cation to the selective delivery of the rifabutin antitu-
berculous drug in the alveolar tissues. Solid lipid
nanoparticles (M-SLN-R) were synthesized, loaded
with rifabutin (R), and mannosylated. Absorption of
these particles by macrophages was determined on the
basis of the particle fluorescence [79]. The SLN man-
nosylation increased absorption by the cells 5.8 times.
The similar picture was also observed in the in vivo
experiments. The use of the mannosylated liposomes
increased the time of rifabutin circulation in rat blood
from 48 to 72 h for SLN-R (the unmodified particles)
and from 48 to 96 h for M-SLN-R. The predominant
absorption of M-SLN-R by the alveolar macrophages
was observed. Such a specific absorption facilitated
the selective penetration of the particles into lungs and
prevented their entry to other organs. The increase in
the average size of the particles from 251 to 389 nm
after the mannosylation of the lipid nanoparticles was
observed using scanning electron microscopy. This
increase was also the efficiency factor. The larger par-
ticles (M-SLN-R, in this case) were predominantly
absorbed by macrophages distinct from small particles.

Thus, the liposomes that are conjugated with the
mannose ligands can be used for the effective targeted
delivery of therapeutic agents and can finally reduce
their side effects.

Polysaccharides: Chitosan and Mannan

Polysaccharides (such as mannan, chitosan, and
others) are promising carriers of medicines. Their spe-
cial characteristics are availability, biocompatibility,
mucoadhesiveness, and the absence of a negative
effect on metabolism. Mannan is a plant polysaccha-
ride, a linear polymer that is formed from the 3(1—4)-
connected mannose residues. Mannan from the yeast
cellular wall is also known. This mannan involves the
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Table 3. The physicochemical properties of nanoparticles of the mannosylated chitosan with oligodeoxyribonucleotides

determined by photon correlation spectroscopy [83]

ChitMan/ODN ratio Particle size, nm

The number of ODNSs,
which were absorbed by
1 million of the cells, ng

{-Potential, mV

267.12 £ 11.0
192.48 £ 4.8
187.16 £ 5.6
178.24 £ 7.4

~N N W =
— et

—6.2 £0.02 30
+8.9 +0.82 74
+12.6 £ 0.64 65
+14.2 £ 0.46 60

main chain with the o(1—6)-bonds and side chains in
which mannose are connected by (1—2)-bonds and
o(1-3)-bonds.

Chitosan is an amino polysaccharide whose mole-
cules consist of deacetylated (by 70—90%) units of
B-(1—4) N-acetyl-D-glucosamine. An application of
chitosan as the ATD carrier is associated with its abil-
ity to decrease the toxicity of antibacterial agents and
to enhance absorption of the AT D-loaded particles by
macrophages [80]. The chitosan is mannosylated by a
reaction of the chitosan amino groups with mannose
or its derivatives. Three types of functional groups that
are available for a modification are present in the chi-
tosan molecule: the primary amino groups and the
primary and secondary hydroxyl groups. The easiest
way to prepare the mannosylated chitosan is a direct
reaction of chitosan with o.-D-mannose. The binding
degree of chitosan to lectin can be increased by the
chitosan glycosylation by the Maillard reaction (it is a
chemical reaction of the reducing sugars with amino
acids) or by the use of a condensing agent (for exam-
ple, by the active ester method) [81, 82].

Asthana et al. [83] prepared the mannosylated chi-
tosan nanoconstructs (22 kDa, the deacetylation
degree of 72.5%) for a delivery of oligodeoxyribonu-
cleotides (ODN) into MPhs. The mannosylated
water-soluble chitosan demonstrated a good ability for
the receptor binding (the RAW 264.7 mouse macro-
phages were used) and optimal physicochemical prop-
erties (the particle size and the {-potential) (Table 3).
The transfection efficiency depended on the Chit-
Man/ODN ratio. A significant increase in the trans-
fection efficiency was observed with the increase in
the ChitMan/ODN ratio from 1 : 1 to 3 : 1. The latter
ChitMan/ODN ratio was optimal. ChitMan-ODN
exhibited the higher transfection efficiency (by
~3 times) under these conditions in comparison with
the free ODN. The free mannose competed for the
binding sites with the receptors. As a result, the trans-
fection efficiency of ChitMan-ODN was decreased
with an increase in the mannose concentration and
absorption of the nanoparticles was inhibited by ~50%
at the mannose concentration of 20 mM. Therefore,
the penetration process of the mannosylated macro-
molecule into macrophages through the mannose-
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receptor-mediated delivery system was confirmed
again.

Budzynska et al. [84] demonstrated an enhance-
ment of the transfection efficiency of an antitumor
agent after its conjugation with mannan (mannan is a
polysaccharide that is isolated from the Saccharomyces
cerevisiae yeasts). The mannan—methotrexate conju-
gate exhibited improved antitumor activity in the in
vivo experiments in comparison with the free medi-
cine on the model of the P388 mouse leucosis in the
abdominal cavity.

Thus, the mannosylated polysaccharides (chitosan
and mannan) are effectively absorbed by macrophages
and are biosafe and biodegraded carriers for therapeu-
tic agents.

Dendrimers

Dendrimers are promising carriers for drug deliv-
ery (for example, antitumor agents) along with the
aforementioned polymers. Dendrimers are repetitive
branched molecules. The dendrimers of several gener-
ations are distinguished according to the number of
branchpoints. The dendrimers of the third generation
are characterized by the high density of their molecu-
lar structure and an almost spherical shape. Their
solutions have much lower viscosity than those of
other substances with the same molecular mass. Phys-
ical characteristics of dendrimers are monodispersiv-
ity, water solubility, ability for encapsulation, and the
large number of functionalized peripheral groups.
These properties stimulate the dendrimer application
as addressed agents for drug delivery. Dendrimers are
universal as objects for a wide spectrum of chemical
modifications which can be performed for an
enhancement of biocompatibility and other character-
istics.

Biodistribution and cellular absorption of the syn-
thesized delivery systems (dendrimers) were investi-
gated using rabbit and mouse cellular lines [85]. The
dendrimers of the fourth generation on the basis of
polyamidoamine (analog, Fig. 12) were modified with
mannose for a targeting to the mannose receptors. The
efficiency of cellular absorption was evaluated on the
RAW 264.7 mouse cell line by fluorescence micros-
copy. The absorption increase by 2.5 times was shown
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Fig. 12. The synthetic scheme of the mannosylated dendrimer of the fourth generation [87].

in comparison with the unmodified ligands. The in
vitro results demonstrated that the conjugation of
mannose with the dendrimers significantly activated
the internalization of the micromolecules in the
course of the MR-mediated endocytosis. The investi-
gation of absorption of the fluorescence-labeled den-
drimers in the model of the rabbit intrauterine inflam-
mation demonstrated that the mannose conjugation
changed the dendrimer distribution along the whole
rabbit body and resulted in an increase in the den-
drimer number in the damaged glia of the brain. This sys-
tem can probably be used for the addressed drug delivery
to macrophages in the liver, lungs, brain, spleen, Langer-
hans dendritic skin cells, and others [85].

Dutta et al. [86] achieved an improvement of the
therapeutic effect of a medicine due to mannosylation
of the PPI-dendrimers (the analog, Fig. 12). The
authors examined delivery of the efavirenz anti-HIV
drug to the human monocytes and macrophages. The
hemolytic activity and the cytotoxicity of the unmod-
ified carrier were high, whereas the toxicity of the den-
drimer that was conjugated with the mannose ligands
proved to be insignificant. The starting dendrimer
released the drug in vitro within 24 hours, but the
modified carriers increased its action time to 144
hours. The significant improvement of the efavirenz
absorption by monocytes and macrophages was
observed in the case of the mannose-modified den-
drimer (12 times higher than that of the free drug). The
analogous PPI-dendrimers (Fig. 12) were prepared
and examined by Kumar et al. [87]. The authors used
the mannosylated dendrimers for the selective delivery
of the rifampicin antituberculous drug to AMs. The
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carrier modification resulted in an increase in the drug
release from the dendrimer cavities and the AM
absorption. The rifampicin concentration achieved
14.3 ng/mL (in comparison with that of 1.0 ng/mL in
the case of the free medicine).

Thus, the mannose modification of the den-
drimeric carriers enhances absorption of the drug car-
riers and the therapeutic potential and changes the
biodistribution of the macromolecules in an organism
for highly selective delivery.

An Application of Polyethylene Glycol (PEG)
and Other Synthetic Polymeric Carriers

PEG is a common modifying agent which is also
used for synthesis of different copolymers and changes
in the surface properties and the circulation time of
particles. The surface charge can affect the particle
interaction with biological systems. A wide spectrum
of PEG-—chitosan copolymers (the modification
degree of chitosan with PEG was 10—30%) with
anionic liposomes was applied to the addressed deliv-
ery of doxorubicine to cells in the in vitro experiments
[88, 89]. The PEG—chitosan copolymer was used for
the liposomal stabilization (the protection against oxi-
dation, membrane defects, and aggregation). The
complex formation led to neutralization of the charge
on the liposomes. The particle size was increased. The
MTT tests for an evaluation of the metabolic activity
of cells and the confocal microscopy demonstrated for
the A459 and Caco-2 cellular lines of the human ade-
nocarcinoma that liposomes covered with PEG-chi-
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tosan had the same efficiency as the starting lipo-
somes, but were much more stable and less toxic.

The better recognition of ligands by the mannose
receptors could be achieved by the mannose modifica-
tion of the PEG molecules [90, 91]. Raviv et al. [92]
described structures and synthesis of the manno-
sylated polyionic complexes which consisted of poly-
ethyleneimine (PEI, 25 kDa) and PEG (3.5 kDa) seg-
ments with Man and triMan residues as ligands for the
targeting to MRs of DCs. The positively charged
block-copolymers (Man-PEG-B-PEI and Man3-
PEG-B-PEI) were prepared. The PEG fragment with
the terminal mannose or trimannose residue was
attached to the PEI polymer via a spacer. The Man;-
PEG-B-PEI polymers showed a three-four times
higher transfection efficiency into dendritic cell lines
(the THP-1 cells of the human monocytic leukemia
and DC2.4 cells of the mouse monocytic leukemia)
and showed a low cytotoxicity in comparison with
Man-PEG-B-PEI polymers. The mannose-modified
polymers demonstrated the higher efficiency (2—
3 times) of the gene delivery to the CDIllc* cells in
comparison with the PEI-DNA complexes.

Gou et al. [93] achieved the higher parameters of
the cellular absorption with the use of the copolymeric
particles on the basis of PEG and e-polylactide
(57.5 kDa). The mannan-modified particles increased
a concentration of immunoglobulins (IgG, IgG1, and
IgG2a) in the mouse blood serum (C57BL/6) by 5—
7 times in comparison with the unmodified particles.
This fact was explained by the addressed targeting to
DCs and activation of the humoral immunity.

D’Addio et al. [94] synthesized and applied copo-
Iymers of polystyrene (1.5 kDa) and PEG (5 kDa) with
the terminal —OCH,;, —OH, or Man residues. The
authors demonstrated with confocal fluorescence
microscopy that the polymers with the terminal
methoxygroups were not associated with the J774A
and J774E mouse macrophages independently of the
size of the particles. Specific targeting to MRs was
studied with the use of carriers that involved 0—75% of
the mannoside-terminal chains of PEG. The maxi-
mum association of the nanocarriers was achieved
with 9% content of the chains with the mannose ter-
minus; the absorption increased by more than three
times in comparison with the nonmannosylated poly-
mers.

Analysis of this article and the abovementioned
papers demonstrates that the best results are achieved
in the case of using the long-chain polymers, because
the effect of multivalent binding occurs. A similar sit-
uation is observed for chitosan (see the section “IR-
Fourier Spectroscopy: Attenuated Total Internal
Reflection”). The most affine polymer should have a
molecular mass >20—30 kDa.

Chen et al. [60] obtained the opposite dependence
of the absorption on the chain length. They synthe-
sized the PEG-containing nanoparticles (PEG—man-
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nose residue—spacer—mannose  residue—FITC)
(Fig. 13a) for an evaluation of the influence of the
number of the mannose units (Man), the carrier size
(PEG), and the spacer length between neighboring
mannose residues on particle absorption by the J774E
MR-expressing mouse macrophages.

It was found using fluorescence and confocal spec-
troscopy that the (Man),-NC absorption was the
highest among the nanoparticles with 0, 1, 2, or
4 mannose units. The compromise between the clus-
terization of the mannose residues and the steric hin-
drances was shown to be necessary. An optimum
existed similarly to the previous paper where the max-
imum effect was achieved at 9%. The examined PEG-
containing particles demonstrated the opposite
dependence of the cellular absorption on the PEG
molecular mass (5, 12, 20, 30, and 40 kDa). PEG with
the molecular mass of 12 kDa was chosen for a study
of the distance between the mannose residues. The
three (Man),-PEG NC complexes with different dis-
tances between the mannose residues (39, 56, and 89 A)
were synthesized. The absorption of the nanoparticles
with the 56-A distance between the mannose residues
proved to be four and two times higher than that of NC
with the distances of 39 and 89 A, respectively.

These results correlated with the data from [35].
Titov et al. [35] demonstrated that the presence of a
spacer in the cyclodextin—mannose conjugates
increased their affinity to ConA several times. In addi-
tion, the distance between the ConA binding sites was
shown to be 68 A (approximately the same distance as
in CD206, see above), and this value was the closest to
56 A ((Man),-PEG NC of the second type). There-
fore, the proposal that the correspondence of the dis-
tance between the mannose residues in the polymer to
that between the receptor sites increased the efficiency
of ligand recognition was experimentally confirmed.

Thus, a definite optimum of the surface mannose
modification exists for the nanoparticles and other
drug carriers. Molecules with the required parameters
can be synthesized using different ratios of polymers of
different molecular masses.

Cyclodextrins

Cyclodextrins (CDs) are widely used carriers for
medicines. CDs are cyclic glucose oligomers which
are prepared by fermentation. They are distinguished
according to the number of the glucose residues in one
CD molecule. The simplest CD representatives are
o-cyclodextrin, B-cyclodextrin, and y-cyclodextrin.
They contain six, seven, and eight glucopyranose
units, respectively. The CD shape is a torus that looks
like a hollow truncated cone. This shape is stabilized
by hydrogen bonds between OH-groups and a-D-1,4-
glycoside bonds. The CD hydroxyl groups are located
on the outside surface of the molecule, and the inter-
nal cavity is hydrophobic and can form inclusion com-
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Table 4. The thermodynamic parameters and the dissociation constants (Kj) of the ConA system with (ManS);-fCD and
the corresponding complexes with the 6S-NOI-NJ and 6S-NAdB-NJ pharmacological chaperones [97]

Change in the energy during the

Molecule complex formation, AG°, kJ/mol Kqof the complex, uM
(ManS);-BCD —324+1.0 2.1+0.7
6S-NOI-NJ + (ManS);-CD —33.0 £ 3.1 1.6 £ 0.1
6S-NAdB-NJ + (ManS);-BCD -31.0+ 1.3 3.6+ 1.5

plexes with other organic and inorganic molecules in
aqueous solutions. Biologically active substances and
medicines which are necessary to protect from an oxi-
dation, hydrolysis, enzymatic destruction, excessive
hygroscopicity, etc., are the “guest” molecules in the
inclusion compounds. Therefore, CDs are widely used
in the pharmaceutical industry. Their most important
properties are an increase in a solubility of therapeutic
agents in water due to the hydrophilic external enve-
lope and an enhancement of the drug penetration
through biological membranes.

Many CD conjugates are described in the litera-
ture. Let us discuss the most promising conjugates.
Gomez-Garcia et al. [95] synthesized heteroglyco-
clusters with a central cyclodextrin. They examined
various CD modifications by carbohydrates (Man,
Glc, and Lac). CD with three mannose residues
exhibited the highest affinity to ConA. The lectin
affinity was increased in 7 times in comparison with
MeMan.

Yuan et al. [96] proposed an interesting and prom-
ising compound on the basis of the dextrin-modified
chitosan (CD-Chit) as a new carrier for poorly water-
soluble therapeutic agents. The polymer was prepared
from chitosan (110 kDa) and mono-6-deoxy-6-(n-
toluenesulfonyl)-B-CD with the substitution degree of
10—20%. A possibility of a synthesis of particles with a
wide range of the desired parameters was demon-
strated: a size of 202—589 nm and the {-potential from
+23 to +43 mV. These characteristics were important
for a choice of the optimal carrier for medicines. The
encapsulation efficiency of ketoprofen into the chi-
tosan nanoparticles with 20% CD was 1.36 times
higher than that of the unmodified polymer. The rate
and time of a release of ketoprofen from the nanopar-
ticles was controlled by pH and the CD quantity.
Thus, Chit-CD could be used as a biodegraded system
of a delivery of poorly water-soluble medicines with
regulated parameters of the release of a drug and,
hence, a fixed action on the target cells.

The properties of the mannose-containing CD-
carrier and its complex with the 6S-NOI-NJ and 6S-
NAdB-NJ chaperone proteins (in this case, these pro-
teins were used for the treatment of the Gaucher’s dis-
ease) were studied [97]. A comparative investigation of
the ConA binding ability of (ManS);-f-CD (the man-
nose residues were connected through the spacer,
Fig. 13b) and the corresponding complexes with the
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proteins was performed by isothermal titration calo-
rimetry in order to examine the targeting to the man-
nose-specific lectins. The changes in the Gibbs energy
during the complex formation between ConA and CD
and its conjugates were determined (Table 4). A stoi-
chiometry of the complexes was 1 : 1, i.e., the manno-
sylated dendron in (ManS);-B-CD interacted with
only one ConA subunit. An inclusion of the chaperone
in the B-CD cavity did not significantly affect the lec-
tin affinity. The results suggested a two-order
enhancement of the affinity of the cyclodextrin carrier
in comparison with methyl-o-D-mannopyranoside
(K; = 156 uM). Thus, the three-valent mannose resi-
due in the (ManS);-B-CD carrier was effectively rec-
ognized by the lectin receptors. The recognition was
dozens of times better than that of mannopyranoside
due to the multivalent effect. The cyclodextrin system
was also characterized by the optimal parameters of
the incorporation of the target substance.

Titov et al. [35] reviewed the large number of the
drug carriers on the basis of CDs and discussed the
basic methods for preparation of monodendated and
oligodendated glycoconjugates based on cyclocarbo-
hydrate matrixes and their interaction with lectins,
including the mannose glycoconjugates. The interac-
tion of the oligosaccharide ligands with lectins itself is
relatively weak (K; = 107°—10=3 M). The low effi-
ciency of the single interactions is compensated by an
increase in their quantity owing to clusterization of
many copies of carbohydrate ligands and their recep-
tors. As a result, more stable cooperative binding
occurs due to the cluster effect. This effect is taken into
account during a creation of novel classes of the carbo-
hydrate-containing medicines. Glycoconjugates are
16—17 times more effective than methyl-o.-mannopy-
ranoside owing to the cluster effect and the spacer
application. The hepta-valent conjugate with Cs-CD
spacers proves to be 40 times more active than CDs
with the mannose residues without spacers. There-
fore, a definite spatial arrangement of the lectin
ligands is important for the process of the glycoconju-
gate—lectin binding. These data are confirmed by the
dependences of structures and K, of the complexes of
the mannose oligopeptides with ConA (see the sub-
section “Fluorescence Spectroscopy”) (Table 2). The
mutual position of monomers in an oligosaccharide
has a determining importance.
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Titov et al. [35] described series of in vivo experi-
ments to determine the ability of the CD-mannose
glycol cluster to stimulate the MPh RAW 264.7 cellu-
lar line for production of the TNF-o inflammatory
cytokine. Measurements of the fluorescence intensity
demonstrated that the conjugate was bound to the
MPh plasmatic membrane. The conjugate in a con-
centration of 400 ug/mL stimulated formation of
TNF-a at approximately the same level as lipopoly-
saccharide that modeled the bacterial surface. Thus, a
therapeutic potential of the CD-Man conjugate was
demonstrated.

CONCLUSIONS

One can conclude from the aforementioned exam-
ples that the use of the mannosylated compounds for
the addressed drug delivery by the targeting to the
macrophage MRs is a promising strategy for treatment
of various diseases. Variation of the mannosylation
degree or the ratio of components in a conjugate pres-
ents the possibility of regulating pharmacokinetic
parameters and the biodistrubution of a carrier with a
medicine throughout an organism. An example of the
effective carrier is B-cyclodextrin with seven residues
of 3,6-di-O-(B(1,2)-GlcNAc-mannopyranosyl)-o.-
mannopyranose which are connected via spacers so
that the distance between the mannose residues
approximately corresponds to the distance in the
ConA binding sites. Such carriers increase the speci-
ficity to the mannose receptors by dozens of times
owing to the optimal clusterization of the Man resi-
dues. An application of the nanoparticles from biode-
graded polymers and the ligands that provide the
directed action opens up possibilities for creating
novel therapeutic forms with a prolonged action and
addressed delivery. Such new constructs allow a
decrease in a load of therapeutic agents on an organ-
ism and their toxicity, a considerable shortening of the
treatment time, a significant decrease in antibiotic
resistance, and, as a result, an improvement of treat-
ment efficiency.
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