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The entry of peptides into glycobiology has led to the development of a unique class of therapeutic tools. Although
numerous and well-known peptides are active as endocrine regulatory factors that bind to specific receptors, and peptides
have been used extensively as epitopes for vaccine production, the use of peptides that mimic sugars as ligands of lectin-
type receptors has opened a unique approach to modulate activity of immune cells. Ground-breaking work that initiated
the use of peptides as tools for therapy identified sugar mimetics by screening phage display libraries. The peptides that
have been discovered show significant potential as high-avidity, therapeutic tools when synthesized as multivalent
structures.
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| 1. Introduction

The extracellular domain of most proteins in the cell membrane is extensively decorated with carbohydrate groups. The
plethora of glycans is matched by the vast diversity of lectin-type receptors. Single glycans bind with low affinity to these
receptors but occur at a density sufficient to maintain physiological homeostasis. Nevertheless, to modulate an immune
response under this canopy of sugars requires high-affinity ligands to activate or inhibit cellular processes. Modulators of
the immune system with high activity often have a sense of multivalency, if not actually structurally multivalent. The
chemistry of synthesis of multivalent glycan structures has advanced rapidly over the past few years LIZIBIAIBIEIZ]
However, glycans generally have poor drug-like properties. These concerns led to extensive chemical modifications of
sugars and sugar-like structures that can serve as “glycomimetic” drugs B, Yet, it is useful to synthesize peptide
mimetics of the native glycan ligand, which provide a relatively high specificity along with a high avidity of binding to
receptors AL The sequences of glycomimetic peptides have usually been discovered by screening phage display

libraries with lectins, a highly effective method of identifying peptides that bind to sugar-binding sites [12[13[14]15][16][17][18]

Protocols for screening libraries were described by Matsubara 12 and Yu et al. 13, who remarked that “these sequences
would never have been predicted rationally nor would molecules with similar modes of binding have [otherwise] been
discovered.” Structures larger than tetravalent are often antigenic, and an active area of research has been the search for
peptide vaccines that induce the immune system to produce antibodies against viral or tumor-associated carbohydrate
structures 2. Whereas a vaccine initiates the pathway in T cells but is not the target to which the final antibodies bind, in
other uses the multivalent glycomimetic peptides are direct ligands for receptors [221[211122],

| 2. Peptides in Treatment of Neutrophilic Skin Diseases

Central to the homeostasis of the skin in the mouse are two related receptors, the Gal-specific CD301a (MGL1) and the
GalNAc-specific CD301b (MGL2), the ortholog of human CLEC10A, that are expressed by M2a macrophages in the
dermis [231124125] A serendipitous but important finding was an additional feature of glycomimetic peptides that is essential
in treatment of inflammatory skin diseases 22, Terminal differentiation of keratinocytes in the epidermis yields the stratum
corneum, the first line of protection against environmental pathogens and allergens. Disruption of the stratum corneum,
either by genetic deficiencies or physical/chemical insults, leads to inflammatory conditions of eczema caused by
infiltration of neutrophils into the skin (22281 | pPS, proteins in house dust mites (HDM), and Staphylococcus enterotoxin B
are commonly encountered allergens that cause eczema &, CD301a (MGL1) binds Gal residues on the major allergen in
dust mites 28, presumably leading to phagocytosis and the destruction of the allergen by macrophages. Kanemaru et al.
(291 found that the NC/Nga strain of mouse has a loss-of-function mutation in the gene encoding CD301a (MGL1, Clec10a)
and is highly susceptible to LPS- and dust mite-induced infiltration of neutrophils, the primary cause of dermatitis. A high
molecular weight glycoprotein that is rich in terminal T (GalB(1-3)-GalNAcal-OSer/Thr) and Tn (GalNAcal-OSer/Thr)



antigens was purified from HDM. This glycoprotein inhibited LPS-induced eczema in the tape-stripped skin of wild-type
but not of Clec10a”" mice. This finding indicated that CD301a* macrophages are a major cell type in the defense against
allergens and pathogens. Dupasquier et al. BB found that half of the nucleated cells in the dermis of mouse skin were
positive for antibodies against CD301a and CD301b, a characteristic of M2a macrophages. Gene regulatory network
modeling of polarization indicated that M2a is the most frequent macrophage phenotype B2, Efferocytosis (phagocytosis
of apoptotic cells) of neutrophils by macrophages B3I34I351(36] js 3 major event in the resolution of inflammation and
restoration of tissue homeostasis.

The HDM allergen 28 induces an inflammatory response through toll-like receptor 4 (TLR4). LPS is a well-documented
ligand for TLR4, mediated by CD14, which activates a pathway leading to the transcriptional factor NF-kB. Researchers
induced dermatitis on wild-type C57BL/6J mice with a combination of 1% SDS and 10 pg/cm? LPS and tested whether the
peptide mimetics of GalNAc, svL4 and sv6D, would ameliorate neutrophilic-driven eczema similar to that of the
glycoprotein described by Kanemaru et al. 29 Structural disruption of the epidermis was completely repaired within 14
days when 1 pM svL4 was applied topically along with LPS [23. Restoration of the surface barrier also led to the
elimination of neutrophils from the dermis. sv6D was more effective than svL4 when administered subcutaneously,
particularly with severely damaged skin as characterized by neutrophilic dermatoses (unpublished results). Because
CD301b* (MGL2*) macrophages are essential for healing wounds in the skin BABE8l the higher avidity of sv6D with the
receptor and its smaller molecular size suggest greater access to the dermis and thus promote this peptide as the
superior drug for treating eczema and more serious dermatitis diseases.

LPS-induced inflammation leads to a compensatory inhibition by IL-10 B2H9 || .10 production is also induced through
TLR4 but by a pathway that activates the transcription factors CREB (CAMP response element binding protein) and ATF1
(cAMP-dependent transcription factor 1) B9, Inhibition of transcription of LPS-stimulated genes is the primary mechanism
of IL10-mediated suppression of inflammation in macrophages 4142 |n mice deficient in the IL-10 receptor, an LPS
challenge can be fatal 48], Relevant to dermatitis, IL-10 is produced by macrophages, DCs, and neutrophils 21421 A
seminal observation by Zaal et al. ¥4 was the strong stimulation of IL-10 production in monocyte-derived DCs by a
multivalent GalNAc-dendrimer but only in the presence of LPS. Researchers therefore concluded that a possible role of
svL4 and sv6D, as mimetics of GalNAc, in rapid restoration of neutrophilic dermatitis was stimulation of IL-10 production
by engagement of the receptor CD301b (MGL2) expressed by macrophages in addition to their phagocytic activity that
was stimulated by an increase in cytosolic CaZ* 4],

svL4 contains glutamine residues that are an a-helical turn distant from each other and is a functional substrate of
transglutaminase 2 (TGM2), also called tissue transglutaminase. Peptide sv6D, the C-terminal half of svL4, contains a
glutamine residue at position 2 and is also a substrate for TGM2 [25]. Transglutaminases are critically important for
functional development of the skin, and TGM2 and other isoforms are strongly induced by inflammatory conditions when
the skin is damaged by wounds “€l471148] or disease “ABY TGM2 catalyzes the formation of g(y-glutamyl)lysine iso-
peptide bonds between glutamine and lysine residues, but the paucity of available glutamine residues at the skin surface
seems to limit the ability of the enzyme to tighten the surface barrier and prevent transepithelial loss of water. Thus,
healing occurs slowly. The topical application of the peptides provided abundant glutamine residues as substrates for
cross-linking reactions. In this mouse model of eczema, the peptide rapidly restores the epidermis to normal morphology
and promotes the elimination of the drivers of inflammation, neutrophils, from the dermis.

TGM2 occurs within cells that express the enzyme but is also secreted by a non-classical mechanism 1. In the cytosol,
TGM2 exists in an inactive “closed” conformation in which the catalytic site with the reactive cysteine residue is covered
by domains B-barrell and B-barrel2, which hinders access of the substrate. The closed conformation is stabilized by GTP
or GDP bound to B-barrell (within the circle in Figure 1). In the extracellular environment, TGM2 undergoes a dramatic
conformational change, from the closed form to a fully ‘open’ form in which Ca?* displaces the guanine nucleotide and
stabilizes the active enzyme B2, The open form of the enzyme requires millimolar concentrations of CaZ* for activity 531,
As shown in Figure 1, bound to the catalytic site is an inhibitory peptide, a derivative of a substrate, Ac-PQLPF-NH,, in
which the glutamine is replaced with 6-diazo-5-oxo-L-norleucine 22, that stabilizes the open form. The enzyme freshly
dissolved from a lyophilized protein was active in an assay with svL4, the tetravalent peptide with 12-mer active arms plus
a 4-mer linker to the tri-lysine core, but not with sv6D, which has an active 6-mer sequence. The K, with svL4 as
substrate was approximately 7 uM. However, after the solution was stored for 3 days at 5 °C, sv6D and svL4 were equally
active. Possibly, the longer arm was able to gain access to the active site cysteine but access by the shorter arm was
restricted by the remainder of the tetravalent structure. These results suggested that the enzyme structure slowly gained
the open conformation with which access to the active site was less hindered. In a condition such as eczema, which
persists for extended periods of time, TGM2 will likely exist as newly synthesized (closed) and aged (open) forms. Thus, a
treatment with svL4 or sv6D should essentially be equally effective.
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Figure 1. Structures of transglutaminase 2. (A) The inactive, closed conformation (accession no. 3LY6) (left) and the fully
open, active conformation (accession no. 2Q3Z2) (right). The catalytic site of the enzyme is circled and the position of the
cysteine residue that forms the thioester linkage to the substrate in the first step in the reaction is highlighted. The closed
conformation is stabilized by Mg?* and a GTP molecule, shown in gray, that binds to B-barrell and covers the catalytic
site. Calcium displaces Mg?* and GTP and generates the open conformation, which is stabilized by an inactive derivative
of the peptide substrate. As shown within the box at the right, the remainder of the tetravalent structure of svL4 and sv6D
may restrict entry of an arm into the catalytic site of the closed or partially open conformation. (B) Drawing of the
tetravalent peptide structure.

In addition to the essential process of repair of the surface barrier, activation of dermal macrophages may also contribute
to healing of the injury. As described by Shook et al. B4, macrophages that express MGL2 (CD301b) are essential for
wound healing. With healthy skin, it is generally considered that molecules larger than 500 Da cannot penetrate the
stratum corneum 24, Formulation protocols for larger drugs and biomolecules have been developed for transdermal
delivery 51581, However, eczema and neutrophilic dermatoses are characterized by a loose surface barrier, disruption of
the epidermis, or even complete loss of the epithelium. In these cases, svL4 or sv6D could diffuse into the dermal regions
of the skin, promote a reduction in neutrophils and inflammation as well as subsequent healing by engaging dermal
macrophages. The peptides therefore appear to be excellent tools for the repair of damaged skin by a two-pronged
mechanism, as a cross-linking substrate for TGM2 to repair the surface barrier and as a ligand of CD301b (CLEC10A) for
activation of dermal macrophages to eliminate neutrophils.
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