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Abstract. Macrophages play an important role in the pathological development of such disorders as cancer,
inflammatory and certain infectious diseases, such as tuberculosis, HIV, dengue virus, and leishmaniasis. Therefore,
macrophage targeting represents an important challenge in design of new medicines. This review gives a general
presentation of small molecule-recognition concepts with application in drug design for macrophage targeting. It
describes different mechanisms and systems for macrophage-targeted delivery, including ligands or small molecule
motifs recognizable by macrophage specific proteins, like receptors (e. g. sialoadhesin, folate, galactose, mannose,
B-glucan, and scavenger, tuftsin receptors) or enzymes (carboxylesterase-1), pathways for their obtaining and routes
of their application.
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Introduction

Macrophages are an essential part of the mononuclear phagocyte system. They derive from bone marrow’s
monoblasts and promonoblasts, which are transformed in circulating monocytes. After migration in extravascular tissue,
monocytes differentiate into macrophages [1]. Inflammatory monocytes differentiate into inflammatory or activated
macrophages in inflamed or cancerous tissue, non-inflammatory monocytes infiltrate different organs and transform into
residential macrophages [2, 3]. Residential macrophages are presented in the central nervous system (microglia cells),
connective tissue, gut, liver (Kupffer cells), lungs (alveolar macrophages), lymph nodes, bone marrow (osteoclasts),
serous cavities, spleen, and thymus [2, 3].

The main role of macrophages is host defence against many infectious agents. Besides, macrophages have been
found to play an important part in the pathology of different diseases: atherosclerosis (foam cells) [4], cancer (tumour-
associated macrophages) [5], infectious diseases, for which agents macrophages play a role of host cells (e. g. tuberculosis
[6], HIV [7], leishmaniasis [8], dengue virus [9]), etc. Due to these findings, macrophages make an important target for
drug development [10].

In the macrophage targeting, different concepts are applied. This review is mainly dedicated to use of small
molecule-recognition mechanisms that include:

1) targeting macrophage receptors:

- sialoadhesin receptors

- folate receptors

- galactose receptors

- mannose receptors

- B-glucan receptors

- scavenger receptors

- tuftsin receptors

2) targeting specific macrophage enzymes:

- carboxylesterase-1

The review does not cover the application of antibodies in the macrophage targeting systems.

Targeting macrophage receptors:
Sialoadhesin receptors

Resident and activated macrophages are known to have high level of sialoadhesin receptors (Sn, Siglec-1, CD169)
expression [11-13]. Sn studies indicate that this receptor most likely functions as a macrophage accessory molecule in
a variety of cell-cell and cell-extracellular matrix interactions [14]. Chen et al. [15] proposed to use high affinity glican
ligand, sialic acid, for decoration of PEGylated liposomes designed to target Sn/CD169 expressing macrophages. The
synthesis of 3’-P*“NeuAc-PEGylated lipids, components of the liposomal wall, is presented in Scheme 1.

Nycholat et al. [16] have performed in silico-aided design of a glycan ligand of sialoadhesin for in vivo targeting
of macrophages. As a result, the most potent of the selected ligands, 9-N-(4H-thieno[3,2-c]chromene-2-carbamoyl)-
Neu5Aca2-3Galp1-4GlcNAc ("““NeuSAc), was conjugated to lipids for display on a liposomal nanoparticle, which
later showed high level of in vivo affinity toward Sn-positive macrophages.
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Scheme 1. Synthesis of 3’-B"NeuAc-PEGylated lipids. Sialic acid ligand coupled to an
N-hydroxysuccinimide-activated PEGylated lipid [15].

A review presenting some aspects of Sn structure and function and summarizing up-to-date progress on the

identification of sialic acid based high-affinity ligands of certain well explored Siglec receptors has been done by Magesh
etal. [17].

Folate receptors

Folate receptors [FRs] can also be used as targets for macrophage specific delivery. Thus, folate-targeted
dendrimeric conjugates with folic acid and methotrexate showed efficiency in the treatment of inflammatory arthritis in
a rat arthritic model [18]. The general scheme of the dendrimer conjugate obtaining is presented in the Scheme 2
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Scheme 2. Scheme of preparation of folate-targeted dendrimeric conjugates
with folic acid and methotrexate [18].
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In short, it includes repetition of Michael addition of methylacrylate to EDA followed by condensation reaction
(amidation), which finally gives the 5" generation dendrimer (G35). The G5 then is partially acetylated (60 — 70%), the
folic acid (FA) is incorporated through amide linkage, followed by glycidolation to fully neutralize the surface. In the
end, the methotrexate (MTX) is conjugated through ester linkage. A similar study dedicated to the synthesis of folate-
dendrimer conjugates as suitable vehicles for site specific delivery of anti-arthritic drug (indomethacin) to inflammatory
regions in arthritic rats was performed by Chandrasekar et al. [19]. Presumably the obtained conjugates targeted FRs in
macrophages.

Turk et al. have demonstrated that folate-conjugated liposomes preferably target tumour-associated macrophages
of ovarian carcinoma [20]. As well, application of a *"Tc chelator conjugated with folate for selectively targeted imaging
of sites of inflammation in adjuvant-induced arthritis has been suggested [21]. A good review on targeting macrophagial
folate receptors in rheumatoid arthritis has been realized by Paulos et al. [22].

Recently, synthesis of a novel folate receptor ligand [18F] fluoro-PEG-folate was proposed by Gent et al. [23].
[18F]fluoro-PEG-folate 1 was synthesized in a two-step procedure (Scheme 3). For this, [ 18F]succinylfluorobenzoate
([18F]SFB) 4 was obtained by fluorination of the SFB precursor 2. The labeled precursor 3 was then deprotected with
tetrapropylammonium hydroxide and treated with tetramethyl-0-(N-succinimidyl) uranium tetrafluoroborate to generate
[18F]SFB 4. Then, PEG-folate precursor 5 was added into solution of [18F]SFB 4 in acetonitrile and reacted for 30
minutes at ambient temperature with formation of [18F[fluoro-PEG-folate [23].
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Scheme 3. Synthesis of [18F]fluoro-PEG-folate. Conditions: i - [18F]fluoride, acetonitrile, K[2.2.2],
K,CO,, 82°C, 10 min; ii - tetrapropylammonium hydroxide, then,
tetramethyl-o-(N-succinimidyl)uranium tetrafluoroborate, 30 to 50% (for i and ii);

iii - 150 mM borate buffer, 30 min, room t°, 70 to 90% [23].

H,N

Galactose receptors

Macrophage targeting can be also realized through galactose receptor (GR). Experiments performed by Shimada
et al. have demonstrated that liposome surface-exposed galactose residues are effectively recognized by the galactose
particle receptor on the Kupffer cells [24].

Haensler and Schuber [25] were among first who prepared neo-galactosylated liposomes and studied their
interaction with mouse peritoneal macrophages. Compared to the control vesicles, the neo-galactosylated liposomes
(containing 15 mol% galactose) in vitro presented an increased binding to the macrophages. At 4°C, the specific binding
was about 2-fold, whereas at 37°C it was increased to about 4-5-fold. This differential binding was not affected by serum
and was highly dependent on the degree of galactosylation of the liposomes, i.e. a threshold value of 5 mol% was needed
to observe an increased binding of the targeted vesicles to the macrophages.

Later, Haensler and Schuber [26] studied the influence of the galactosyl ligand structure on the interaction
of galactosylated liposomes with mouse peritoneal macrophages. As a result, they found that the interaction of the
galactosylated liposomes with the macrophage lectin was remarkably sensitive to the topology of the ligands: a spacer-
arm length about 3 nm was necessary. At the same time, in contrast to the results obtained with the galactose receptors of
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other cells, the triantennary structure that was studied in comparison with monoantennary one did not provide additional
binding.

GR was proposed for targeting by low density lipoprotein (LDL) nanoparticles designed to deliver antigens
to Kupffer cells, a group of macrophages residing in liver [27]. For this, LDL was conjugated with fluoresceinated
ovalbumin (FLUO-OVA) and lactobionic acid as main ligand (Scheme 4).
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Scheme 4. Scheme of the conjugation method for the preparation of FLUO-OVA-GAL-LDL nanoparticles,
where FLUO-OVA - fluoresceinated ovalbumine, LDL — low density lipoprotein,
GAL - galactose [27].

The conjunction resulted in a considerably increased uptake of FLUO-OVA by murine macrophage-like ANA1
cells as compared to NIH-3T3 cells [27]. In order to preserve the biological activity of antigen and maintain the structure
and the activity of the ligand, N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) has been used to
conjugate the primary amine group on the Apo B of LDL particles with the free carboxylic end groups of FLUO-OVA
and lactobionic acid, forming connecting amide bonds (Scheme 5).
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Scheme 5. General scheme of carbodiimide mediated conjunction between a biomolecule and a ligand.

Previously, lactosylated LDL had also been used for targeted delivery of cholesteryl-conjugated phosphorothioate
oligodeoxynucleotides to Kupffer cells [28]. A recent study describes development of galactosylated trimethyl chitosan-
cysteine nanoparticles for oral delivery of a mitogen-activated protein kinase kinase kinase kinase 4 siRNA (siMap4k4)
to the activated macrophages for treatment of dextran sulphate sodium (DSS)-induced ulcerative colitis [29].
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Mannose receptors

Another saccharide, mannose, has been widely applied as ligand targeting macrophage mannose receptors (MRs).
The macrophage mannose receptor is an integral membrane protein expressed on the surface of tissue macrophages. After
binding of mannose-rich glycoconjugates or pathogens, the receptor mediates endocytosis and phagocytosis of the bound
ligands by macrophages [30]. Among the therapeutic systems targeting MRs, mannose-PEG-phosphatidylethanolamine
liposomes have been proposed for targeted gene delivery to Kupffer cells [31]. Ligands for these liposomes were
synthesized according to the Scheme 6.
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Scheme 6. Synthesis of mannosylated polyethylene glycol-posphatidylethanolamine ligand.
Boc-t-butyl carbonyl; PE-NH,-posphatidylethanolamine; PEG-polyethylene glycol;
DMSO-dimethyl sulfoxide; TEA-trietanolamine [31].

Liang et al. [32] reported a drug targeting system which utilized mannose receptor-mediated endocytosis to
enhance cellular uptake of antisense oligonucleotides (ONs), being useful for selective inhibition of gene expression,
in alveolar macrophages. The system employed a molecular complex consisting of partially substituted mannosylated
poly(L-lysine), electrostatically linked to a 5’ fluorescently labelled ONs. Upon recognition by the macrophage mannose
receptors, the MPL was internalized by the receptor-mediated pathway co-transporting the ON. Following cellular
internalization, the ON complex appeared largely accumulated in endocytic vesicles. In order to achieve an enhanced
endosomal exit of the ON, a fusogenic peptide derived from the amino terminal sequence of influenza virus hemagglutinin
HA2 was used. Cytotoxicity studies demonstrated that at the MPL and the fusogenic peptide concentrations effectively
enhancing ON uptake, no toxic effects to the cells were observed, thereby suggesting their potential safety and utilization
in vivo.

Targeting of mannose receptors has also been achieved through mannan-coating of gelatin nanoparticles designed
for didanosine delivery to HIV-infected macrophages [33], manosylation of gelatin nanoparticles [34] and microspheres
[35, 36] for targeted delivery of isoniazid to Mycobacterium tuberculosis infected alveolar macrophages, manosylation
of polyethylenimine coupled mesoporous silica nanoparticles for gene delivery to macrophages [37], mannosylated
chitosan microsperes in an adjuvant delivery system for intranasal immunization [38], manosyl-coated nanocomplexes
from amphiphilic cyclodextrins (pGaCDs) and pDNA for site specific gene delivery [39].

For example, the latest pGaCD 6 and pGaCD 7 can be prepared following the synthetic schemes in which the
key step is the coupling reaction of fCD heptaamine 8 or heptaisothiocyanate 9 with complementary isothiocyanate-
or amine-armed glycoconjugates (Scheme 7 and Scheme 8). The synthesis of the heterobifunctional antenna in
pGaCD 6 starts from the orthogonally protected branching element 10, which after reaction with per-O-acetylated
2-isothiocyanatoethyl-a-d-mannopyranoside 11 transforms into the thiourea adduct 12 in almost quantitative yield
(Scheme 7). Sequential acetyl and trityl cleavage yields amine 13 (97% over two steps), which then reacts with an
excess of 1,6-hexamethylenediisothiocyanate (—14, 52%). Et,N-catalysed thiourea-forming reaction between 15 and
heptamine 8 in DMF at 40 °C affords the Boc-protected BCD heptaconjugate 16 with yield of 84%. Final carbamate
cleavage produces the target pGaCD 6 in quantitative yield.

The synthesis of pGaCD 7 requires isothiocyanate 21 as the aminoglucosyl coating reagent. Its synthesis starts
from 6-azidoglucosylenamine 17 (Scheme 8). Reduction of the azido group with 1,3-propanedithiol and protection
of the resulting amine 18 as the corresponding Boc derivative results in carbamate 19. Further O-acetylation (—20),
enamine chlorolysis, and isothiocyanation with thiophosgene afford isothiocyanate 21 in 54% overall yield. Compound
21 is first coupled with N-tritylethylene-1,2-diamine, followed by sequential acetyl and trityl cleavage to yield amine
24 (72% over three steps). Nucleophilic addition of 24 to heptaisothiocyanate 9 in a mixture of DCM-DMF at room
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temperature results in formation of the fully substituted BCD adduct 25, which is subjected to acid-catalyzed carbamate
hydrolysis to yield the target heptavalent aminoglycocluster 7 (75% overall).

An interesting way of targeting mannose receptors has been exploited for macrophage-specific delivery of human
glucocerebrosidase (GCase) used in the enzyme replacement therapy of Gaucher disease, one of the most common
inherited lysosomal storage disorders [40] caused by a deficiency in the activity of the lysosomal hydrolase GCase. For
this, complex oligosaccharides present on GCase have been enzymatically remodeled into a mannose core, facilitating
mannose receptor-mediated uptake into macrophages [41]. Interestingly, Van Patten et al. [42] research on the effect of
mannose chain length on targeting of macrophage by GCase detected that there is no biochemical or pharmacological
advantage in producing enzyme with an increased number of mannose residues.
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Scheme 7. Synthesis of pGaCD 6 [39].
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f-glucan receptors

B-glucan receptors of macrophages have also been demonstrated to be an efficient target for drug delivery. A
number of receptors have been implicated in recognition of B-glucans, including CR3, lactosylceramide, scavenger
receptors, and Dectin-1. Cellular recognition is thought to be mediated by combinations of these receptors [43]. At the
same time, Brown et al [44] have shown that Dectin-1 acts as a major receptor for zymosan and other B-glucans on
macrophages. Furthermore, through its ability to recognize these carbohydrates, Dectin-1 has been demonstrated to be
centrally involved in the innate response to fungal pathogens [45, 46].

For the purpose of macrophage targeting through B-glucan receptors, glucan particles (GPs) derived from the
cell walls of baker’s yeast (Saccharomyces cerevisiae) have been proposed as drug carriers [47-50]. GPs are hollow,
porous 2—4 um microspheres that can incorporate insoluble preformed nanoparticles as inside cores or drug-containing
nanoparticles can be electrostatically bound to the surface of derivatized GPs [50]. As well, loading of soluble drugs
inside GPs can be accomplished by incubating GPs with a soluble drug solution in a volume just sufficient to swell
the GPs (hydrodynamic volume) with subsequent encapsulation of the drug molecules inside the GPs by physical or
chemical trapping [49].
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Scavenger receptors

Scavenger receptors (SRs) expressed by macrophages are able to bind modified lipoproteins, senescent and
apoptotic cells, proteins, polysaccharides, and a range of polyanionic molecules depending on SRs’ classes [51, 52].
These are: Class A-SR-AI, SR-AII, SR-AIIl and MARCO (macrophage receptor with a collagenous structure); Class
B-CD36, SR-BI/CLA-I and others, such as SR-CI, macrosialin, CD68, LOX-I, SREC [53]. Tempone et al. have proposed
application of phosphatidylserine liposomes (PS-LP) for SR-targeted delivery of a pentavalent antimonial, meglumine
antimoniate, to macrophages infected with leishmaniasis [54]. Previously, Class A receptor, MARCO and Class B SRs
(SRBI and CD36), were shown to be involved in the binding and rapid clearance of PS-LP from the blood compartment
[55]. Some of the natural function of SRs Class A include: phagocytosis of bacteria and other pathogens, phagocytosis of
apoptotic cells, phagocytosis of senescent red blood cells, endocytosis of oxidized low density lipoprotein and advanced
glycation endoproduct-modified proteins, and calcium independent adhesion [56].

Sharma et al. have reported construction of poly-guanine oligonucleotide functionalized nanoparticles with high
affinity for SRs of foam cells. Foam cells represent transformed macrophages that play a crucial role in formation
of atherosclerotic plaque. This fact highlights the potential utility of macrophage targeted systems in the therapy of
atherosclerosis [57].

Targeting of macrophages via SR has been proven effective for cell specific delivery of photosensitizers
conjugated with maleylated serum albumin [58-60]. The capability to selectively kill macrophages via photodynamic
therapy has applications in treating cancer (tumor-associated macrophages), in the detection and therapy of vulnerable
atherosclerotic plaque (foam cells), and possibly for autoimmune disease and some infections [59].

Tuftsin receptors

Among the peptide-binding macrophage receptors, tuftsin receptor has been well studied for macrophages
targeting. Tuftsin is a natural macrophage activator tetrapeptide (Thr-Lys-Pro-Arg) which is a part of the Fc-portion of
immunoglobulin-G [61]. It has been proposed to be used in conjunction with AZT for targeting HIV-infected macrophages
[62]. The scheme of tuftsinyl-AZT synthesis is presented in Scheme 9.

Tuftsin has also been proposed for decoration of liposomes as drug carriers for the treatment of macrophage-
based infections: fungal infections, leishmaniasis, malaria, tuberculosis [63].

Fmoc-Arg(Pmc)-OH + AZT-OH

l DCC / DMZP (80 %)
Fmoc-Arg(Pmc)-OH-AZT

‘ Morpholine (75 %)

Boc-Thr-Lys(Boc)-Pro-OSu H-Arg(Pmc)-OH-AZT
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Scheme 9. Synthesis of tuftsinyl-AZT (numbers in parentheses refer to synthetic yields) [62].
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Targeting specific macrophage enzymes

Another possible way of targeting macrophage is targeting of macrophage specific enzymes that would selectively
activate the drug via hydrolysis inside the cell. The main advantage of this approach in comparison with macromolecular
targeting systems is that it can be applied to multiple drug types administrable by mouth on a long-term basis [64].

One of'the targeted enzymes can be human carboxylesterase-1 (hCE-1). The cells of monocyte/macrophage lineage
are the principal source of the enzyme outside the hepatocyte [65, 66]. Needham et al. have focused their studies on the
identification of an amino acid ester motif that was selectively hydrolyzed by hCE-1 [64]. They have investigated the
following amino acid ester motifs that would be selectively hydrolyzed by hCE-1 (Figure 1): phenylalanine cyclopentyl
26 and t-butyl esters 27, leucine cyclopentyl 28 and t-butyl esters 29.

R\ITI /[ ;O R\'Tj /[ O
H O H (@]
26 27
R\N/¢ R\N/i‘:)/k
H O y o)

28 29

Figure 1. Amino acid ester motifs for macrophage targeting investigated by Needham et al. [64].

An example of drug candidate with phenylalanine cyclopentyl ester motif selectively targeting macrophages/
monocytes is tefinostat ((S-[4-(7-hydroxycarbamoylheptanoylamino)-benzylamino]-phenylacetic acid cyclopentyl ester,
CHR-2845), a histone deacetylase inhibitor (HDACi) that has already passed phase I first-in-human clinical trial [67].

Conclusions

The small molecule-recognition concepts applied for macrophage targeting and described here have different
advantages and disadvantages. The main disadvantage of the macromolecular, nano- and microparticulate systems
decorated with macrophage targeting ligands is often impossibility of their oral administration. From this point of view,
application of small molecule motifs attached directly to the drug molecule is more advantageous. If compared with
antibody-attached systems, ligand-decorated systems and medicines with small molecule motifs have lower level of
selectivity in targeting macrophages. At the same time, medicines with small molecule motifs, if compared to antibody-
attached and ligand-decorated microparticulate systems, have lower cost and simplicity in obtaining.

Generally, the small molecule-recognition concepts have a good potential in design and development of new
medicines for diagnosis and treatment of cancer, macrophage resident infections, and inflammatory diseases.
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