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SURFACE-LAYER PROTEIN COATED MICROSPHERES AND USES THEREOF
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CROSS REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority from U.S. Provisional Patent Application No.

60/761,606, filed on January 24 2006; entitled "SURFACE-LAYER PROTEIN COATED

MICROSPHERES," the contents of which are hereby incorporated by reference herein.

BACKGROUND OF THE INVENTION

[0003] Field of the Invention

[0004] The invention relates to microspheres and delivery of therapeutic agents, and more

specifically, to microspheres coated with surface-layer proteins having affinity for certain tissues

for delivery of a therapeutic agent, such as, delivery of defensins, particularly HD5α in the

treatment of inflammatory conditions of the bowel, such as Crohn's disease and/or ulcerative

colitis.

[0005] Description of the Related Art

[0006] The surface properties and surface structures of bacteria are important in regulating

bacterial adhesion to host cells [I]. Adherence to constituents of the extracellular matrix, such as

glycoproteins like fibronectin and laminin as well as to different types of collagen, has been

shown to be mediated through surface layer proteins in various bacterial species [2, 3]. These

adhesive properties have been linked to the ability of bacteria to express virulence [4-7] as well

as probiotic properties [8, 9].

[0007] In the case of Lactobacilli, various studies have shown the importance of the surface-

layer or S-layer protein in adhesion of the bacterium to the intestinal epithelium [9-1 1]. S-layers

are one of the most common surface structures of many archaebacteria and eubacteria. A shared

feature of S-layers is the ability to self-assemble and form a regularly ordered, planar array of

proteinaceous subunits [12]. Various functions have been assigned to S-layers. Most species of



lactobacilli contain two or more genes encoding S-layer proteins. Three sip genes (slpB, slpC

and slpD) have been identified in L. brevis ATCC 14869 whereas only a single gene sipA has

been identified L.brevis ATCC 8287. Because S-layer lattices show identical pore size and

morphology, they act as precise molecular sieves for the cell. They act as a protective shield

against exceptionally high ion concentrations as well as certain bacterial parasites [13]. The SIpA

surface protein of Lactobacillus brevis is reported to be essential for adhesion of this bacterium to

intestinal cells through its interaction with the extracellular matrix component fibronectin [11].

[0008] Microbial infection and inflammation is a constant risk in the mucosal surface of the

gastrointestinal tract, which comprises the first line of defense against a variety of

microorganisms. Remarkably, this mucosal immune system has the ability to distinguish

pathogens from the commensal microflora and to elicit the appropriate immune response [14-16].

The intestinal mucosa is covered by a single layer of epithelial cells; separating mucosa

associated lymphoid tissue from surface antigens. The epithelium provides both a barrier as well

as a signaling function against infection [17]. The epithelial cells as well as immune cells of the

subepithelial compartment, including lymphocytes, monocytes, macrophages,

polymorphonuclear leukocytes and dendritic cells, induce the host innate and adaptive immune

systems. Activation of the innate host defense by microbes occurs via the specific recognition of

microbial molecules, known as pathogen-associated molecular patterns or PAMPs [18].

[0009] Host cells detect these patterns through receptors, including members of the Toll-like

receptor family and the nucleotide-binding site/leucine rich repeat proteins such as NODl and

NOD2 [19-21]. Toll-like receptors are type I integral membrane glycoproteins belonging to the

superfamily of interleukin-1 receptors. They play an essential role in the initiation of the innate

antimicrobial immune response in plants, insects and mammals [22]. The extracellular part of

the receptors contains copies of a motif known as leucine-rich repeat, thought to be directly

involved in the recognition of microbial components. In humans, ten Toll-like receptors can be

found, designated TLRl-TLRlO, each recognizing conserved microbial molecules [23-27]. Toll-

like receptors are localized on the cell surface or in endosome-lysosome intracellular

compartments of immune cells [28,29]. Most of the current studies on the biological role and

distribution of Toll-like receptors have focused on dendritic cells and macrophages. Ih contrast,

the expression patterns and role of TLR' s in antigen presenting cells present in the mucosal

surface as well as epithelial cells has been poorly described.

[00010] Crohn's disease is a chronic disease of the intestine characterized by inflammation of the

gut. The disease can be located from the oral cavity to the rectum although in almost 70% of

patients the distal ileum is affected. Crohn's disease and ulcerative colitis constitute the two



major chronic inflammatory bowel diseases (IBD's), affecting one in 500 individuals [30]. The

etiopathogenesis of Crohn's disease has been linked recently to a diminished expression of

intestinal anti-microbial peptides called defensins [31-36].

[00011]Defensins are cationic and cysteine-rich peptides with molecular weights of 3 to 5 kDa.

Based on the connectivity of the six cysteine residues, human defensins are classified into and

β subfamilies [37-39]. The α-defensins are predominantly expressed in neutrophils (human

neutrophil peptide 1-4) or specialized cells of the intestinal epithelium called Paneth cells (human

defensin 5 and 6 cϊ) [40,41]. Human /3-defensins are found predominantly in various epithelial

cells and tissues. Defensins play an important role in the host innate immune defense, not only

showing antibiotic and antifungal activity but also kill certain enveloped viruses and act

selectively cytotoxic to tumor cells [42,43]. Importantly, human a and /?-defensin also act as

immune modulators in adaptive immunity [44].

[000 12] Initial studies showed that α-defensins chemoattract monocytes [45]. Subsequently, α-

defensins were reported to chemoattract different subsets of T lymphocytes and immature

dendritic cells [46,47]. More recently, similar functions have been reported for /3-defensins [48-

50]. These studies showed that β-defensins selectively chemoattract memory T cells and

immature dendritic cells. Ih addition, it was shown that human /3-defensin 2 act directly as

endogenous ligands for Toll-like receptors, mediating signaling for dendritic cell maturation in

vivo. Defensins and chemokines share a striking structural resemblance, adopting a disulfide

stabilized core structure of three anti-parallel /3-sheets [51].

[00013] The recent discovery of several genetic loci showing a significant association with

Crohn's disease has greatly enhanced the understanding of underlying pathogenic mechanisms.

In particular, NOD2 has been identified as the first gene firmly associated with Crohn's disease

susceptibility [52,53]. NOD2 is a cytoplasmic protein that senses components of the microbial

cell wall and regulates inflammatory processes and apoptosis. The protein is composed of two

N-terminal caspase recruitment domains, a nucleotide binding and oligomerization domain and

contains ten leucine-rich repeats at its C-terrriinus. It is expressed constitutively in particular in

macrophages, neutrophils and dendritic cells [54] as well as Paneth cells in the small intestine

[55]. NOD2 specifically recognizes muramyl dipeptide, a peptidoglycan motif present in the cell

wall of both gram-negative and gram-positive bacteria [56]. After recognition, N0D2 has been

shown to activate signaling pathways involved in inflammation in vitro through NF- B

activation [57,58]. In addition, NOD2 activation has been linked to innate immunity [59]. In

N0D2 knockout mice, expression of α-defensins was markedly decreased suggesting that N0D2



plays a role in:intestinal host defense. This provides further evidence to the notion that defensins

and their relation to Toll-like receptors may play a key role in maintaining immune homeostasis.

[000 14] Importantly, human a and jS-defensin also act as immune modulators in adaptive

immunity [44]. Further, the etiopathogenesis of Crohn's disease has been linked recently to a

diminished expression of the anti-microbial peptides defensins [31-36]. Thus, it would be

advantageous to provide a method for delivery of defensins to intestinal tissue to provide an

increase of this intestinal anti-microbial peptide defensins.

SUMMARY OF THE INVENTION

[00015] The present invention relates to a delivery of a therapeutic agent to specific tissues

within a mammalian biological system by including s-layer proteins of a microbial agent having

affinity for such specific tissue.

[00016] In one aspect, the present invention relates to a delivery device for administering a

therapeutic agent to specific tissue, the method comprising:

encapsulating a therapeutic agent into a microsphere; and

coating at least a section of the microsphere with a bacterial S-layer protein having affinity

for the specific tissue.

[000 17] In another aspect, the present invention relates to a delivery device for delivery of a

therapeutic agent to specific tissue, the device comprising a therapeutic agent encapsulated

within a microsphere, wherein the microsphere is coated on the surface with S-layer proteins

from Lactobacilli for adhesion to the intestinal epithelium.

[00018] In yet another aspect, the present invention relates to a delivery device for delivery of a

therapeutic agent for treatment of Crohn's disease, the delivery device comprising a microsphere

encapsulating defensin, wherein the microsphere is coated on the surface with Lactobacillus

brevis SIpA surface layer protein.

[00019] In a further aspect, the present invention relates to a method of increasing anti-microbial

peptides at intestinal epithelium, the method comprising:

providing an anti-microbial peptide encapsulated within a microsphere, wherein the

microsphere has at least a section of the surface of coated with a bacterial S-layer protein

having affinity for the intestinal epithelium.



[00020] Preferably, the S-layer proteins are from Lactobacilli having adhesion molecules for

adhering to the intestinal epithelium.

[00021] Other aspects and advantages of the invention will be more fully apparent from the

ensuing disclosure and appended claims.

BRIEF DESCRIPTION OF THE FIGURES

[00022] Figure 1 shows the purification of Lactobacillus brevis SIpA surface layer protein. The

SIpA protein was purified by gel permeation chromatography after extraction of the cells with

5M LiCl (lane 1) on a Sephacryl SlOO column (lane 2). After purification, protein was dialyzed

and concentrated (lane 3). Samples were analyzed by SDS-PAGE and proteins are visualized by

EZblue staining (Pierce).

[00023] Figure 2 shows the crystalline Surface layer of whole cells of L. brevis (panel A,

indicated by arrow, magnification 63,000) or purified SIpA protein (panel B, scale bar 9nm,

magnification 80,000) visualized by negative stain electron microscopy,

[00024J Figure 3 shows the interaction of SIpA and ECM components fibronectin and laminin

measured by surface plasmon resonance. Shown are sensograms of immobilized SIpA protein

with fibronectin (panels A and B, 1 mM-lOnM) and laminin (panels C and D, 15OnM-IOnM) in

the absence (panels A and C) or presence (panels B and D) of 1 mM Benzamidine.

[00025] Figure 4 shows the result of adding HD5αr to serum-free culture medium of Caco-2

intestinal epithelial cells at the concentrations indicated. After incubation for 18 h, the culture

supernatant was analyzed for secreted EL-8 by ELISA using Searchlight™ technology (Pierce).

[00026] Figure 5 shows folded and purified FITC-labeled HD5 analyzed by reversed phase

HPLC and ESI-MS.

[00027] Figure 6 shows the results of folded and purified HD-5 and HD-5Abu analyzed by

reversed phase high perfo πnance liquid chromatography (RP-HPLC) and electrospray ionization

mass spectrometry (ESI-MS). The HPLC analysis was carried out at 4 O0C using a linear gradient

of 15-60% (solvent A : water + 0.1% TFA; solvent B : acetonitrile + 0.1% TFA) at a flow rate of 1

ml/min over 30 min. The determined molecular masses were within experimental error of the

expected values based on calculations of the average isotopic compositions.



[00028]Figure 7 shows the (A) Survival curves of E. coli ATCC 25922 (left) and S. aureus

ATCC 29213 (right) exposed to HD-5 (filled symbols) or HD-5Abu (open symbols). Strains

were exposed to the peptides at concentrations varying twofold from 0.12 to 125 g/ml. (B)

Strains were exposed to fixed peptide concentrations (100 wg/ml for E. coli; 50 wg/ml for S.

aureus) in the absence or presence of the indicated concentrations of sodium chloride. Each

curve is the mean of three separate experiments. Points scored as zero survival could not be

plotted.

[00029] Figure 8 shows the confocal laser scanning microscopy images of Caco-2 cells incubated

with rhodamine-HD-5a. Cells were incubated in serum-free RPMI medium for 3 hours with 10

Mg/ml of the peptide and were gently washed twice with HBSS prior to imaging. Left panels

show the bright field image, middle panels show the fluorescence image of the rhodamine-

labeled peptide, and right panels are a superposition of the two images. The fluorescence image

is a 1-wrn optical section acquired approximately at the equator of the largest cells, which are

typically 14 - 15 m in thickness.

[00030] Figure 9 shows the IL-8 secretion by Caco-2 cells in the absence (light grey bar) or

presence of HD-5 α(white bars) or HD-5Abu (black bars) at final concentrations of 50 or 100

ocg/ml. TNFa (100 ng/ml; dark grey bar) served as a positive control. Following incubation for

18 hours, culture supernatants were analyzed for IL-8 using the Luminex-100 system in

duplicate. Data represent mean and standard deviation of three individual experiments.

[00031] Figure 10 shows IL-8 secretion by Caco-2 cells in the presence of HD-5 (100 Mg/ml;

white bars) or HD-5 Abu. (100 ocg/ml; black bars), with and without TNFa(IOO ng/ml) as

indicated. No peptides (c) and TNFce alone (dark grey bar) served as controls. Following

incubation for 18 hours, culture supernatants were analyzed for IL-8 using the Luminex-100

system in duplicate. Data represent mean and standard deviation of three individual experiments.

[00032] Figure 1 1 shows the development of S-layer coated PLGA microspheres. Schematic

representation of the synthesis of PLGA-polyGlyPro-COOH co-polymer and microcapsule

preparation. Purified amine-functionalized SIpA protein is coupled to the microspheres by

carbodiimide coupling chemistry.

DETAILED DESCRIPTION OF THE INVENTION

[00033]Definitions



[00034] "Analog" means a peptide having a sequence which is modified based on a native

peptide and which retains some or all of the activity of the native compound or exhibits enhanced

activity relative to the native compound, or a sequence which is cleaved in vivo to yield a peptide

having such activity. For example, a sequence-modified defensin that retains native defensin

activity is an analog. Similarly, a sequence-modified surface layer protein that retains the

capacity to self-associate and/or affinity for extracellular matrix components is an analog.

Analogs may have, for example, one or more insertions, deletions, truncations, extensions,

substitutions, or combinations of the foregoing.

[00035] "Deletion" means deletion of one or more native amino acid residues from between

native amino acid residues.

[00036] "Truncation" means deletion of one or more native amino acid residues from an N-

terminus or C-terminus of a native sequence.

[00037] "Extension" means addition of one or more native amino acid residues at an N-terminus

or C-terminus of a native sequence.

[00038] "Substitution" means replacement of one or more amino acid residues within a native

sequence (e.g., a native defensin or a native surface layer protein) with another amino acid.

[00039] "Insertion" means insertion of one or more amino acid residues between two native

residues of a native sequence (e.g., a native defensin or a native surface layer protein). In some

cases, the substituted or inserted amino acid acts as a functional equivalent or results in a silent

alteration. Conservative substitutions may, for example, be selected from other members of the

class to which the substituted amino acid belongs. Examples of nonpolar (hydrophobic) amino

acids include alanine, leucine, isoleucine, valine, proline, phenylalanine, tryptophan and

methionine. Examples of polar neutral amino acids include glycine, serine, threonine, cysteine,

tyrosine, asparagine, and glutamine. Examples of positively charged (basic) amino acids include

arginine, lysine and histidine. Examples of negatively charged (acidic) amino acids include

aspartic acid and glutamic acid. Branched, looped, and branched/looped sequences are also

analogs.

[00040] "Defensin" means native defensin peptides, propeptides and prepropeptides, and analogs

of such defensin peptides, propeptides and prepropeptides. For example, the term "defensin"



includes α-defensins, such as HD5α, and β-defensins, such as HBDl and HBD2, as well as

analogs of such α- and β-defensins.

[00041] "HBDl" means human β-defensin 1.

[00042] "HBD2" means human β-defensin 2.

[00043] "HD5α" means human α-defensin 5.

[00044] "Peptide" and "protein" are used interchangeably to refer to amino acid sequences of any

length.

[00045] "Surface layer protein" means self-assembling proteins, such as Lactobacillus brevis

surface-layer protein SIpA, that are involved in bacterial-host adhesion via specific interactions

with components of the extracellular matrix, such as fibronectin, laminin, fibrinogen and

collagen, as well as analogs of surface layer proteins.

[00046] The invention provides surface-layer protein coated microspheres for delivery of a

therapeutic agent to the intestine. These surface-layer protein coated microspheres generally

include a core encapsulated by a microsphere which is coated by surface layer protein. The core

includes a therapeutic agent, such as a defensin.

[00047] The invention also includes methods of making and using the surface-layer protein

coated microspheres of the invention for administering therapeutic agents to a subject in need

thereof.

[00048] The invention also includes pharmaceutical dosage units that include the surface-layer

protein coated microspheres of the invention.

[00049] The invention further includes various labeled defensins, useful, for example, in

diagnostic applications or in the study of the properties and actions of defensins.

[00050] The invention further includes the use of defensins, particularly HD5α in the treatment

of inflammatory conditions of the bowel, such as Crohn's disease and/or ulcerative colitis.



[00051] Section headings are included to facilitate the reader and are not intended to limit the

scope of the invention in any way.

[00052] Core and therapeutic agent

[00053] The invention includes a core with a therapeutic agent. The core is typically produced

by admixing the therapeutic agent with inter alia, a pharmaceutically acceptable carrier.

However, the core may in some instances be a pure or substantially pure therapeutic agent, such

as a pure or substantially pure defensin.

[00054]Therapeutic agent

[00055] The core includes a therapeutic agent. Ih a composition for administration to humans,

the therapeutic agent must be sufficiently pure for administration to humans—the therapeutic

agent must be supplied to the composition at a pharmaceutically acceptable level of purity. At a

basic level, this means that the risk of side effects from any impurities does not outweigh the

beneficial effects provided by the therapeutic agent. Preferably the therapeutic agent is at least

95, 96, 97, 98, 99, 99.5, or 99.9 percent pure.

[00056] The core may include 1, 2, 3, 4, 5 or more therapeutic agents. For example, the core may

include a single defensin peptide, such as HBDl, HBD2, HD5α, or an analog thereof.

Alternatively, the core may include two or more therapeutic agents, such as two or more

defensins, e.g., selected from HBDl, HBD2, HD5α, or analogs thereof. Further, the core may

include a defensin with a non-defensin peptide, such as a steroid (e.g., budesonide), an antibiotic,

an anti-inflammatory, and/or an immune modulator. And, in an alternative aspect of the

invention, the core may include one or more non-defensin peptides, such as one or more steroids

(e.g., budesonide), antibiotics, antiinflammatories, and/or immune modulators.

[00057]Defensins

[00058] The preferred therapeutic agent is a defensin peptide, which is properly folded and

exhibits activity comparable to the native activities of defensins. Suitable defensins for use in the

present invention include, without limitation, α-defensins, such as HD5α, and β-defensins, such

as HBDl and HBD2, as well as analogs of such α- and β-defensins. In some embodiments the

core is pure or substantially pure defensin peptide, such as HBDl, HBD2, HD5α, or an analog

thereof. For example, the therapeutic agent may include:



[00059]HD5 α peptide: Met-Arg-Thr-Ile-Ala-Ile-Leu-Ala-Ala-Ile-Leu-Leu-Val-Ala-Leu-Gln-

Ala-Gln-Ala-Glu-Ser-Leu-Gln-Glu-Arg-Ala-Asp-Glu-Ala-Thr-Thr-Gln-Lys-Gln-Ser-Gly-Glu-

Asp-Asn-Gln-Asp-Leu-Ala- e-Ser-Phe-Ala-Gly-Asn-Gly-Leu-Ser-Ala-Leu-Arg-Thr-Ser-Gly-

Ser-Gln-Ala-Arg-Ala-Thr-Cys-Tyr-Cys-Arg-Thr-Gly-Arg-Cys-Ala-Thr-Arg-Glu-Ser-Leu-Ser-

Gly-Val-Cys-Glu-Ile-Ser-Gly-Arg-Leu-Tyr-Arg-Leu-Cys-Cys-Arg (SEQ ID NO: 1) or an amino

acid sequence having at least 90% homology to SEQ ID NO: 1 and exhibits activity comparable

to the native activities of defensins.

[00060] HBDl peptide: Met-Arg-Thr-Ser-Tyr-Leu-Leu-Leu-Phe-Thr-Leu-Cys-Leu-Leu-Leu-Ser-

Glu-Met-Ala-Ser-Gly-Gly-Asn-Phe-Leu-Thr-Gly-Leu-Gly-His-Arg-Ser-Asp-His-Tyr-Asn-Cys-

Val-Ser-Ser-Gly-Gly-Gln-Cys-Leu-Tyr-Ser-Ala-Cys-Pro-Ile-Phe-Thr-Lys-Ile-Gln-Gly-Thr-Cys-

Tyr-Arg-Gly-Lys-Ala-Lys-Cys-Cys-Lys (SEQ ID NO: 2) or an amino acid sequence having at

least 90% homology to SEQ TD NO: 2 and exhibits activity comparable to the native activities of

defensins.

[00061] HBD2 peptide: Met-Arg-Val-Leu-Tyr-Leu-Leu-Phe-Ser-Phe-Leu-Phe-Ile-Phe-Leu-Met-

Pro-Leu-Pro-Gly-Val-Phe-Gly-Gly-He-Gly-Asp-Pro-Val-Thr-Cys-Leu-Lys-Ser-Gly-Ala-Ile-Cys-

His-Pro-Val-Phe-Cys-Pro-Arg-Arg-Tyr-Lys-Ghi-Ile-Gly-Thr-Cys-Gly-Leu-Pro-Gly-Thr-Lys-

Cys-Cys-Lys-Lys-Pro (SEQ ID NO: 3) or an amino acid sequence having at least 90%

homology to SEQ ID NO: 3 and exhibits activity comparable to the native activities of defensins.

[00062] The defensin may be an analog of a native defensin peptide, e.g., an analog of HBDl,

HBD2, or HD5oc. For example, the defensin may be an analog of a native defensin peptide

having insertions, deletions, truncations, extensions, substitutions, or combinations of the

foregoing, relative to the native sequence, but retaining some or all of the activity of the native

compound or having enhanced activity relative to the native compound. For example, the

defensin peptide may be an analog, having 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more amino acid residues

omitted from the N-terminus and/or C-terminus. The defensin peptide may be an analog, having

1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more amino acid residues deleted from within the amino acid

sequence. The defensin peptide may be an analog, having 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more

amino acid residues inserted from within the amino acid sequence. The defensin peptide may be

an analog, having 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more amino acid residues added at the N-terminus

or C-terminus thereof. The defensin peptide may be an analog, having 1, 2, 3, 4, 5, 6, 7, 8, 9 10

or more amino acid substitutions within the amino acid sequence. The defensin peptide may be

an analog having a combination of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more amino acid insertions,



deletions, truncations, extensions, and/or substitutions in the amino acid sequence. The defensin

peptide may also be provided as a component of a fusion protein, in which the defensin is fused

to a heterogeneous protein or peptide. The therapeutic agent may also be a derivative of a

defensin, such as a defensin coupled to a polyethylene glycol moiety or acetylated to a fatty acid

moiety.

[00063] Carriers and other excipients in the core

[00064]Where the core includes a carrier with the therapeutic agent, the carrier must be

acceptable in the sense of being compatible with any other ingredients in the pharmaceutical

composition and should not be unduly deleterious to the subject in that the benefits provided by

the carrier are outweighed by the detriments. In one embodiment, the core includes buffer salts

and/or protein stabilizers.

[00065] Microspheres

[00066] The core is enclosed in a pharmaceutically acceptable microsphere. The manufacture

and use of microspheres is well established [81]. Microspheres suitable for use in the invention

may be biodegradable or non-biodegradable; however, biodegradable coatings are preferred.

[00067]The coating of the microsphere may be any suitable polymeric substance. Commonly

used polymers include polyorthoesters, polyanhydrides, polyamides, polyalkylcyanoacrylates,

polyesters (e.g., lactides/glycolides or polycaprolactones), polyphosphazines, pseudo-polyamino

acids, proteins (e.g., albumin, globulin, gelatin, collagen or casein), and polysaccharides (e.g.,

starch, cellulose, chitosan, dextran, or alginic acid) [81].

[00068] A variety of techniques for manufacturing microspheres is available [81]. Examples of

suitable techniques include spray drying, multiple emulsion, phase separation, dispersion/solvent

extraction/evaporation, solid encapsulation/single emulsion/solvent extraction, nonaqueous o/o

emulsion methods. The entire disclosure of Sinha & Trehan [81], and the references cited

therein, is incorporated herein for their teaching concerning the manufacture of microspheres.

[00069] Surface layer protein coating

[00070] The microspheres are coated with a surface layer protein. The surface layer proteins may

be any of a wide variety of self-assembling proteins that are involved in bacterial-host adhesion

via specific interactions with components of the extracellular matrix. For example, a preferred



set of surface layer proteins are those which interact with fibronectin, laminin, fibrinogen and/or

collagen. Such interaction can be assessed, for example, using surface plasmon resonance.

Preferred surface layer proteins are those which interact with high affinity with an extracellular

matrix component, such as fibronectin, laminin, fibrinogen and/or collagen. For example, in one

embodiment, the surface layer protein has an affinity for fibronectin, laminin, fibrinogen and/or

collagen measured using surface plasmon resonance which is greater than about 1, 2, 3, 4, 5, 6, 7,

8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,

34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59,

60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85,

86, 87, 88, 89, or 90 nM. In a related embodiment, preferred surface layer proteins are those

which interact with polymorphonuclear leukocytes.

[00071] The surface layer protein may, for example, be a surface layer protein from Lactobacillus

acidophilus, Lactobacillus helveticus, Lactobacillus crispatus, Lactobacillus amylovorus,

Lactobacillus gallinarum, Lactobacillus kefir, Lactobacillus parakefir, Lactobacillus gasseri, or

Lactobacillus johnsonii, In one embodiment, the surface layer protein is SIpA, SIpB, SIpD, CbsB,

or SlpnB from Lactobacillus brevis; CbsA protein of Lactobacillus crispatus, a Bacillus cereus

surface layer protein, or an analog any of the foregoing.

[00072] In another embodiment, the surface layer protein is a protein including an extracellular

matrix component binding region from a native surface layer protein. Other examples of suitable

surface layer proteins are those produced by the organisms set forth in Table 1, and analogs

thereof:

[00073] Table 1

[00074] S-layer proteins whose amino acid sequences are known

GenBank

Species Strain Gene accession no.

Aeromonas hydrophila TF7 άhs L37348

Aeromonas salmonicida A450 vapA M64655

Bacillus anthracis Sterne derivative sap Z36946

substrain 9131

eag X99724

Brevibacillus brevis (Bacillus brevis) 47 owp M14238

mwp M19115



GenBank

Species Strain Gene accession no.

Brevibacillus brevis (Bacillus brevis) HPD31 HWP D90050

Bacillus licheniformis HM105 olpA U38842

Bacillus sphaericus Pl sequence 8 A45814

Bacillus sphaericus 2362 gene 125 M28361

gene 80

Bacillus stearothermophilus PV72/p6 sbsA X71092

PV72/p2 sbsB X98095

Bacillus stearothermophilus ATCC 12980 sbsC AF055578

Bacillus thuringiensis etc AJ012290

Campylobacterfetus subsp. fetus sapA J05577

Campylobacterfetus subsp. fetus 23B sapAl L15800

Campylobacterfetus subsp. fetus 82-40LP3 sapA2 S76860

Campylobacterfetus subsp. fetus 84-91 sapB U25133

CIP 5396T sapB2 AF048699

Campylobacter rectus 314 crs AF010143

Caulobacter crescentus CB15 rsaA M84760

Clostridium thermocellum NCMB 10682 slpA U79117

Corynebacterium glutamicum ATCC 17965 csp2 X69103

Deinococcus radiodurans HPLgene M17895

Halobacterium halobium CSg J02767

Haloferax volcanii M62816

Lactobacillus acidophilus ATCC 4356 slpA X89375

slpB X89376

Lactobacillus brevis ATCC 82.87 Z14250

Lactobacillus crispatus JCM 5810 cbsA AP001313

Lactobacillus helveticus CNRZ 892 slpHl X91199

Lactobacillus helveticus CNRZ 1269 slpH2 X92752

Methanococcus voltae sla M59200

Methanosarcina mazei S-6 slgB X77929

Methanothermusfervidus DSM 2088 slgA X58297

Methanothermus sociabilis DSM 3496 slgA X58296

Rickettsiaprowazekii Brein 1 spaP M37647

Rickettsia rickettsii R pl20 X16353

Rickettsia typhii Wilmington slpT L04661



GenBank

Species Strain Gene accession no.

Serratia marcescens Isolate 8000 slaA AB007125

Staphylothermus marinus F l US7967

Thermoanaerobacter kivui

(Acetogenium kivui) DSM 2030 sip M31069

Thermus thermophilics HB8 slpA X57333

*This table was adapted from a table included in Sara et al., reference [89].

[00075] The surface-layer protein coated microspheres preferably have an average particle size

ranging from about 30 A to about 2000 µm. In a related embodiment, small microspheres are

preferred, wherein the average particle size ranges from about 30 A to about 200 nm.

[00076] In another embodiment, large microspheres are preferred, wherein the average particle

size ranges from about 15 um to about 50 µm, preferably about 15 to about 35 µm, more

preferably about 15 to about 25 µm. In the foregoing compositions, preferably about 90% of the

microspheres in the composition are within the ranges indicated, more preferably about 95, 96,

97, 98, 99, or 99.9% of the microspheres in the composition are within the ranges indicated.

[00077] The surface layer proteins are preferably layered on the microsphere substrate as a

monomolecular crystalline array that covers the microsphere in an amount that causes adhesion

but not in an amount that prevents the degradation of the biodegradable microsphere polymeric

material because the degradation is necessary to allow the release of the defensin.

[00078] Pharmaceutical compositions and dosage units

[00079] The invention provides pharmaceutical dosage units that include the surface-layer

protein coated microspheres of the invention. Such pharmaceutical dosage units generally

include the surface-layer protein coated microspheres of the invention formulated with a carrier.

However, it will be appreciated that a carrier is not always necessary. The carrier may be a solid

or a liquid, or both, and is preferably formulated with surface-layer protein coated microspheres

as a unit-dose composition, for example, a tablet including the surface-layer protein coated

microspheres. The composition may be prepared by any of the well-known techniques of

pharmacy including, but not limited to, admixing the components, optionally including one or

more accessory ingredients. The therapeutic agents are provided in an amount effective to



achieve the desired pharmacological effect, as described above, and in a quantity appropriate to

achieve 1, 2, 3, 4 or 5 daily doses.

[0008O]Ih certain embodiments, the compositions of the invention are designed to deliver the

therapeutic agents to the site of disease. For example, where the condition is Crohn's disease, an

oral composition can be formulated to deliver the therapeutic agent(s) to ulcerated or inflamed

tissue in the large intestine and/or the colon, releasing the therapeutic agent(s) along the length of

the small intestine and the colon, and/or along the distal portion of the small intestine and in the

colon. Similarly, where the disease condition is ulcerative colitis, an oral composition can be

formulated to release the therapeutic agent(s) along the length of the distal portion of the small

intestine and in the colon, or along the length of the colon. Moreover, where the disease site is in

the colon (e.g., ulcerative colitis), the therapeutic agent(s) can be formulated as a suppository or

an enema.

[00081] Other suitable compositions include, for example, oral compositions such as mouth

washes for treatment of inflammatory conditions of the oral cavity or throat; vaginal

compositions for treatment of inflammatory conditions of the vaginal cavity or opening; intra¬

uterine compositions for inflammatory conditions of the uterus; eye compositions, such as salves

for treatment of inflammatory conditions of the eye or conjunctiva; as well as topical

compositions for dermal application to treat inflammatory conditions of the skin. The foregoing

compositions preferably include surface-layer protein coated microspheres according to the

invention.

[00082] Compositions of the present invention suitable for oral administration can be presented

as discrete dosage units such as capsules, cachets, tablets, or lozenges, each containing a

predetermined amount of one or more therapeutic agents. The surface-layer protein coated

microsphere component of the composition can, for example, take the form of a powder or

granules. Solids, such as tablets or pellets, including the surface-layer protein coated

microspheres can themselves be coated, e.g., enterically coated. The compositions can be

provided having microparticles of the invention suspended, e.g., in an aqueous liquor or a non¬

aqueous liquid, such as a syrup, an elixir, an emulsion, or a draught.

[00083] Oral compositions for treatment of intestinal conditions are preferably solid dosage

forms and can include any of a wide variety of components known to assist therapeutic agents to

pass through the stomach and be released in the intestine, such as in the proximal small intestine,

distal small intestine, and/or in the colon. For example, the surface-layer protein coated



microspheres of the invention maybe provided as components of a tablet or capsule, which may

in turn me coated (e.g., enterically coated).

[00084]Preferred coatings for tablets or capsules comprising surface-layer protein coated

microspheres of the invention for oral administration to effect delivery of the surface-layer

protein coated microspheres to a disease site in the small intestine or colon include one or more

AZO-bonded coatings, enteric coatings, pH sensitive coatings, coatings that dissolve in a pH

range of about 5.5 to about 7, methacrylic polymers, time release coatings, microcapsules,

biodegradable coatings, and redox sensitive coatings.

[00085] Treatment Methods

[00086] The surface-layer protein coated microspheres and pharmaceutical compositions of the

invention are useful for treating disorders affecting the digestive system or mucosal tissues, such

as conditions involving infection or inflammation of the digestive system or mucosal tissues.

Examples of conditions suitably treated using the methods and compositions of the invention

include inflammatory conditions of the intestine, such as celiac disease, bacterial overgrowth,

yeast imbalance, peptic ulcer disease, and fissures of the intestine, travelers' diarrhea, pouchitis,

inflammatory bowel disease ("IBD," e.g., ulcerative colitis and Crohn's disease), and various

forms of colitis, such as diversion colitis, non-specific colitis, ulcerative colitis, infectious colitis

(e.g., pseudomembranous colitis such as Clostridium difficile colitis, salmonella enteritis,

shigella infections, yersiniosis, cryptosporidiosis, microsporidial infections, and viral infections).

The methods and compositions of the invention are also useful in the treatment of irritable bowel

syndrome.

[00087]According to other embodiments of the present invention, methods of treating a subject

in need of such treatment include administering an effective amount of a composition of this

invention to the subject and/or delivering an effective amount of a composition of this invention

to the digestive system and/or mucosal tissues of a subject. Administration is preferably by the

oral route, preferably by ingestion. The effective amount will vary somewhat from composition

to composition, and subject to subject, and will depend upon factors such as the age, species,

gender and/or condition of the subject and the route and mode of delivery. Such dosages can be

determined in accordance with routine pharmacological procedures known to those skilled in the

art. The frequency of administration can be 1, 2, 3, 4, 5, or more times per day/week/month/year

or as necessary to treat the condition. The duration of treatment depends on the type of condition

being treated and can be for as long as the life of the patient.



[00088] Subjects suitable to be treated according to the present invention include, but are not

limited to, avian and mammalian subjects, and are preferably mammalian. Mammals treatable

according to the present invention include, but are not limited to, canines, felines, bovines,

caprines, equities, ovines, porcines, rodents (e.g., rats and mice), lagomorphs, primates, humans,

and the like, and mammals in utero. Any mammalian subject in need of being treated according

to the present invention is suitable. Human subjects are preferred. Human subjects of both

genders and at any stage of development can be treated according to the present invention.

[00089] The method generally involves the administration of surface-layer protein coated

microspheres including a therapeutic agent in a pharmaceutically effective amount. The

composition may be administered alone or in combination with other compositions. The

composition may include 1, 2, 3, 4, 5 or more therapeutic agents.

[0009O]Ih a preferred embodiment, the composition of the invention is administered to a subject

having a disorder involving inflammation of the digestive system and/or mucosal tissues. In

certain embodiments, the disorder is a bowel condition, and the composition releases the

therapeutic agent(s) in the lumen of the bowel. Preferably the surface layer protein interacts or

binds with extracellular membrane components, such as fibronectin or laminin, in a manner

which prolongs its traversal through the gut and thereby prolongs exposure of a disease site, such

as inflamed or ulcerated tissue, with the therapeutic agent.

[00091] The defensin peptide can be administered via the composition of the invention as a

monotherapy. Alternatively, the defensin peptide can be administered as a component of a

combination therapy regimen employing at least one defensin peptide and one or more other

compounds. Where a combination therapy is used, the various therapeutic compounds can be

administered separately or together as components of a single composition. Examples of

compounds suitably administered with a defensin peptide for treatment of an inflammatory or

infectious bowel condition include local steroids (e.g., budesonide), antibiotics, anti¬

inflammatories, and immune modulators.

[00092] Depending on the specific condition or disease state to be treated, subjects are

administered compounds of the present invention at any suitable therapeutically effective and

safe dosage, as can readily be determined within the skill of the art and without undue

experimentation in light of the present disclosure.

[00093] The defensin peptides, and other compounds used in the compositions and methods of

the invention can be administered or delivered per se as well as in the form of pharmaceutically



acceptable esters, salts, and other physiologically functional derivatives thereof and/or in a

pharmaceutically acceptable carrier.

[00094] Labeled defensins

[00095] The invention also includes defensins which incorporate a cross-linking and/or an

affinity moiety. Such modified defensins are useful, for example, for the study of the

interactions between defensins and receptors, such as chemokine receptors. Further, the

invention includes defensins which incorporate a fluorescent moiety. Such defensins are useful,

for example, in the study interactions with the cellular components. The invention also includes

kits comprising the foregoing modified defensins, along with reagents and instructions for using

the modified defensins to study interactions between defensins and receptors and/or interactions

between defensins and the cellular components. Preferred labeled defensins are HBDl, HBD2,

and HD5 α.

[00096] Examples: Studies involving surface layer protein A

[00097] The following examples illustrate embodiments of the invention and are not intended to

limit the scope of the invention.

[00098] Materials

[00099]Lactobacillus brevis ATCC 8287 was obtained from the American Type Culture

Collection (Manassas, Virginia). Fibronectin (human plasma), Laminin (basement membrane of

Engelbreth-Holm-Swarm mouse sarcoma) and Collagen (human placenta Type IV) were

obtained from Sigma. Fibrinogen (human plasma) was obtained from Calbiochem. Chemicals

were purchased from Sigma. Protein concentration was determined by BCA assay (Biorad).

[000100] SIpA purification

[000101] The SIpA protein was purified essentially as described previously [60]. In short,

L. brevis ATCC 8287 was grown unstirred in MRS Broth (Difco) at 370C for 3 days after

inoculation with 2% (v/v) of a 2 day culture. Cells were harvested by centrifugation at 14,000 x

g for 20 min at 40C. The cell pellets were resuspended and washed twice in distilled water to

remove remaining broth. To extract the SIpA protein, the cell pellet was resuspended in 5M LiCl

and incubated on ice for 30 min. The extract was subjected to centrifugation at 14,000 x g for 20

min at 40C. The resulting supernatant was further purified using a Sephacryl SlOO HiPrep 26/60



(Pharmacia) gel filtration column equilibrated in 5M LiCl. Protein was eluted at 0.5 ml/min and

collected fractions (1.5 ml) containing the purified SIpA protein were analyzed by 12 % SDS-

PAGE (Novex) and visualized by EZblue staining (Pierce). Protein was concentrated using

Centriprep centrifugal filter devices (Millipore) with a 30 kDa molecular weight cutoff.

[000102] Negative stain electron microscopy

[000103] S-layers on whole L. brevis cells as well as purified monomeric/oligomeric SIpA

(0.5 mg/ml in ddH2O) protein were visualized by negative staining using 1% neutralized phospho

tungstic acid solution for 10 sec. on carbon coated, glow-discharged copper mesh (400) grids

pretreated with vinylec. Samples were analyzed on a Zeiss EM 10 CA transmission electron

microscope at the indicated magnifications.

[000104] Surface plasmon resonance experiments

[000105] The interaction between SIpA and extracellular matrix components was

evaluated by surface plasmon resonance on a BIAcore 3000 instrument. Purified SIpA protein in

5M LiCl was dialyzed against double-distilled water overnight. Monomelic and/or oligomeric

protein was separated from self-assembled material by centrifugation at 20,000 x g for 20 min.

SIpA protein (50 wg/ml in 10 niM Sodium Phosphate pH 7.4) was covalently coupled to CM5

carboxylated dextran chips using N-hydroxysuccinimide (NHS) chemistry. Uncoupled NHS-

ester groups were blocked with IM Ethanolamine, resulting in the coupling of about 1700

resonance units (RU's) to the chip. Kinetic analysis was carried out at 250C in 10 mM HEPES,

150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20, pH 7.4. Fibronectin, laminin, fibrinogen

and collagen were treated according to manufacturer's instructions and injected at indicated

concentrations at a flow rate of 20 wl/min over each flow cell. Binding was determined

experimentally by comparing the number of RU's observed as a function of time to an activated

and blocked flow cell containing no linked protein. Non-specific binding to the control flow cell

appeared insignificant. Data were evaluated using the BIAevaluation 4.1 software. The

association and dissociation data were modeled with the BIAevaluation 4.1 software (Pharmacia

Biosensor AB). Following subtraction of data from the control flow cell, the binding data

produced for the various protein concentrations were fitted simultaneously, assuming the 1:1

Langmuir model. The equilibrium constant for the fibronectin + benzamidine experiment was

calculated using steady-state kinetics.

[000106] Results



[000107] Purification and crystalline properties of S-layer protein

[000108] The L. brevis ATCC 8287 SIpA protein has been shown previously to be

important for adhesion of the bacterium to human intestinal cell lines [H]. In addition, the

protein was shown to display a fibronectin-binding function [11, 61]. To study the crystalline

structure of SIpA as well as its interaction with proteinaceous components of the extracellular

matrix by surface plasmon resonance, the protein was purified (Figure 1). Whole cells were

treated with 5M LiCl to extract the S-layer. The crude extract after treatment of the cells

contained minor impurities, migrating with an apparent molecular mass of 35 and 27 kDa on

SDS-PAGE (Figure IA, lane 1). Gel filtration chromatography was used to further purify SIpA

to a final purity of >95% as judged by SDS-PAGE (Figure 1, lanes 2 and 3). The purified

protein migrates on SDS-PAGE with an apparent molecular mass of 47 kDa, as shown

previously [60]. Since S-layer proteins have self-assembly properties, purified SIpA after dialysis

was subjected to centrifugation in order to separate self-assembled from soluble protein. This

purified protein was used in the subsequent studies outlined below (Figure 1, lane 3).

[000109] The self-assembly properties and paracrystalline nature of S-layer proteins has

facilitated high-resolution analysis using negative stain and freeze-etch electron microscopy.

The monomolecular-thick lattices reveal pores of identical size and shape, in the 2 to 8 nm range,

with pores occupying up to 70% of the surface. The spacing of individual subunits shows great

variation, ranging from 2.5 to 35 nm center-to-center [58,62]. The ultra-structural properties of

Lactobacillus brevis cells and purified SIpA were examined by negative stain electron

microscopy (Figure 2). Analysis of whole cells clearly revealed S-layer fragments displaying a

crystalline proteinaceous layer (Figure 2A). The purified SIpA protein was examined by negative

stain electron microscopy to study its properties in more detail (Figure 2B). At high

magnification, a single layer of individual subunits could be distinguished forming a crystalline

protein layer.

[000110] Binding of Lactobacillus brevis S-layer protein to extracellular matrix proteins

[000111] The involvement of the S-layer in bacteria-host interaction has been described

for a variety of microorganisms and has been associated with virulence. Using an elegant

flagellar expression system, Hynδnen et al identified the SIpA protein of L. brevis ATCC 8287 as

an adhesin with affinity for human epithelial cells. In addition, an 81 amino acid fibronectin

binding region was identified in the N-terminal region of the protein [11].



[000112] To examine the binding properties of SIpA to the extracellular matrix proteins

fibronectin, laminin, fibrinogen and collagen in detail, surface plasmon resonance was used.

Figure 3 shows the binding of different concentrations of fibronectin (Figure 3A) and laminin

(Figure 3C) to SIpA. Binding of fibronectin at comparable concentration to laminin resulted in a

relatively small response, indicating less fibronectin is bound at the surface implying a lower

affinity. The association and dissociation rate constants were estimated from the binding data at

different concentrations using the BIAevaluation software and from these values the binding

constant was calculated (Table 2). The calculated Kd values were 89.9 nM for fibronectin and

26.7 nM for laminin, indicating a three-fold higher affinity of SIpA to bind laminin. In addition,

the interaction between SIpA and the ECN components fibrinogen and collagen was studied. The

binding constants of SIpA to collagen and fibrinogen were calculated to be 31.8 and 26.1 M

respectively (Table 1), indicating that the binding affinity of SIpA to these two ECM components

is three orders of magnitude less than its affinity for fibronectin and laminin.

[000113] Table 2

[000 114] .Binding characteristics of ECM components to SIpA

fibronectin 89.8 nM 7.04 6.32

laminin 26.7 nM 4.89 1.3

collagen 31.8 µM 3.47 1.1

fibrinogen 485 µM N.D. N.D

fibronectin +benzamidine 30.1 µM N.D. N.D

laminin +benzamidine 66 nM 3.03 2

[000115] The binding properties of SIpA preincubated with 1 mM benzamidine to

fibronectin and laminin were examined (Figure 3B and D). The presence of benzamidine

resulted in a completely different shape curve for the binding to fibronectin (panel 3A versus

3B), allowing steady state kinetics evaluation only. In the presence of benzamidine, the binding

affinity for fibronectin appeared markedly decreased (30.1 MM versus 89.9 nM, Table 2),

whereas the binding affinity for laminin appeared relatively unaffected (66 nM versus 26.7 nM,

Table 2).

[000116] Discussion



[000 117] S-layer proteins have been identified in many different species of bacteria, and in

particular represent a feature common to almost all archaebacteria. They range in size from

approximately 40 kDa to 200 WDa, each capable of forming monomolecular lattices of identical

subunits [58,59,62]. The interaction of the surface layer protein SIpA of Lactobacillus brevis to

fϊbronectin, laminin, fibrinogen and collagen is described herein. SIpA is shown to interact with

high affinity to fibronectin and laminin. Previously, a fibronectin-binding function of the protein

was described, located in an 81 amino acid region in the N-terminal region. This region was

shown to be required for the interaction of the bacterium with human intestinal cells as well as

glass-immobilized fibronectin [H]. N o surface adherence could be shown of SIpA to type IV

collagen. Although the data presented here clearly indicate an interaction with type IV collagen,

the low binding affinity may not have great relevance in vivo, as may be the case for the

interaction with fibrinogen. Different S-layer proteins show different affinity for interacting with

various ECM components. The CbsA protein of Lactobacillus crispatus was shown to interact

with collagens, laminin and lipoteichoic acids [63], whereas Bacillus cereus was shown to adhere

to polymorphonuclear leukocytes primarily via type I collagen, fibronectin and laminin [4]. The

interaction of B. cereus with fibronectin was suggested to depend on the presence of active

protease attached to fibronectin, based on the observation that inhibition of the interaction was

observed in the presence of 100 mM benzamidine. Surprisingly, the interaction between SIpA

and fibronectin in this study appeared greatly diminished by the presence of 1 mM benzamidine,

even in the apparent absence of protease. Benzamidine is highly basic (pKa = 11.6), rendering

this chemical highly polar [64]. The proposed 81 amino acid SIpA fibronectin-binding region

contains a relatively high percentage of tyrosine and arginine residues as compared to the 435

amino acid full length protein. Four out of eight arginines and eight out of twenty-eight tyrosine

residues are present in this region. Since arginine plays an important role in many

inhibitor/ligand and macromolecular interactions, and since benzamidine is highly polar, the

57p^-fibronectin interaction may be directly inhibited by its presence. In the case of Bacillus

cereus, as in this study, the presence of benzamidine inhibited the interaction with fibronectin

whereas binding to laminin was relatively unaffected, indicating different binding sites for these

two proteins in the S-layer proteins.

[000118] Attachment of surface proteins to microspheres

[000119] Figure 11 shows the rationale for the covalent attachment of the purified

S-layer protein to the microcapsules. The acid group is preactivated to its succinimide

by using l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and reacted with



available amino groups of the purified SIpA protein in the presence of JV-

hydroxysulfosuccinimide (NHS). The size of the particles is preferably evaluated by a

Coulter particle counter and size analyzer because particle size is an important

parameter, since small particles may be phagocytosed and thus cleared prematurely.

[000120] Treatment of inflammatory bowel disease by positively affecting the gut

microflora with probiotics has gained increasing interest. Probiotics are live bacteria with health

benefits to the host besides nutritional value [65]. Bifidobacteria are considered the most

significant beneficial microorganisms, producing antimicrobial agents acting against both gram-

negative and gram-positive organisms. Lactobacilli are of benefit also, but are present in lower

levels in the human colon. Several mechanisms of action have been shown for probiotics [66-

68]: stimulation of the immune response of epithelial cells; antimicrobial activity; enhancing the

intestinal barrier function and competition with microbial pathogens for receptors on the

epithelium surface. In this respect, the L. brevis SIpA protein and S-layer proteins have potential

therapeutic use in intestinal infectious disease, as shown herein.

[000121] Examples: Studies involving HD5

[000122] HD5α induces secretion of interleukin-8 by intestinal epithelial cells

[000123] Very little is known about the effects of defensin on epithelial cells, which form

a single-layer first line of defense and are directly exposed to the intestinal lumen. Therefore,

preliminary experiments were carried out in which cultured human intestinal Caco-2 cells were

exposed to purified HD5α. Shown in Figure 4 is the effect of the addition of human defensin 5-

to cultured intestinal epithelial Caco-2 cells on secretion of interleukin-8.

[000124] Also, the antibacterial activity and the interaction with intestinal epithelial cells

of HD-5cdn relation to its structure were studied.

[000125] Materials

[000126] Chemicals used for solid phase peptide synthesis were obtained as described

[90]. Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 29213 were from

Microbiologies (St. Cloud, MN). Caco-2 cell line was obtained from the American Type Culture

Collection (Manassas, Va).



[000 127] Solid phase peptide synthesis

[000128] Chemical synthesis of HD-5 and HD-5Abu, a linear, unstructured form of HD-5

in which the six cysteine residues are replaced by isosteric -aminobutyric acid (Abu) was

carried out as described [18]. Folding of HD-5 α was carried out as described [90]. The

molecular mass of the peptides was verified by electrospray ionization mass spectrometry (ESI-

MS) as described previously [90]. 5-carboxyltetramethylrhodamine (Molecular Probes, Eugene,

Or) was coupled to HD-5 as follows: 2.0 mg HD-5 was dissolved in 1.0 ml 0.1 M NaHCO3,

pH 8.3, 0.2 ml of 5-arboxyltetra-methylrhodamine (10 mg/ml in DMSO) and 40 µl di-isopropyl-

ethylamine (DIEA) were then added. After stirring for 2 hrs at room temperature, the reaction

mixture was filtered and purified by reverse phase HPLC. The molecular mass was verified by

ESI-MS as described above.

[000129] Antibacterial activity assay

[000130] The antibacterial activity of HD-5 and HD-5 Abu against E. coli ATCC 25922

and S.aureus ATCC 29213 was carried out in a 96-well turbidimetric assay as described

previously [91].

[000 131] Evaluation of EL-8 secretion by Caco-2 cells

[000132] Subconfluent monolayers of Caco-2 cells were maintained in RPMI 1640

medium (Gibco), supplemented with 10% FBS (Valley Biomedical, Winchester, Va), 2 mM L-

glutamine (Quality Biological, Gaithersburg, MD), 20 mM HEPES, 1 x nonessential amino

acids, 1 mM sodium pyruvate and 5% Penicillin/Streptomycin (Sigma) in a humidified incubator

at 370C with 5% CO2. Caco-2 cells were used between passages 35-42. Caco-2 cells were plated

at a density of 4xlO 4 cells/cm 2 in a 96-well plate 48 hours before use. The cells were gently

washed twice with serum-free medium and incubated for a further 18 hours in serum-free

medium containing the peptides at a final concentration of 50 or 100 Mg/ml. Human recombinant

tumor necrosis factor alpha (Sigma; 100 ng/ml) was included during incubation with the peptides

(100 Hg/ml) as indicated. The culture supernatant was collected for measurement of IL-8 using

the Luminex-100 system (Bio-rad Laboratories).

[000133] Confocal Microscopy

[000134] Caco-2 cells (104 cells) were cultured on glass cover slips as described above for

24-48 hours. The cells were washed twice in serum-free medium and incubated with rhodamine-



HD5 (10 ocg/ml) for three hours. After incubation, cells were washed twice with Hanks'

Balanced Salt Solution (HBSS). The localization of rhodamine-HD5 on Caco-2 cells was

visualized using a Zeiss Laser Scanning Microscope (LSM) 510 system (Carl Zeiss

Microimaging Inc., Thornwood, NY). Fluorescence was excited using a helium-neon laser (543

nm). Emission was passed through a 560 ran long-pass filter prior to acquisition. Optical

sections were 1 um thick.

[000135] Results

[000136] Chemical synthesis of HD-5 peptides

[000137] The HD-5 structure involves three intra-molecular disulfide bonds [90]. To

determine the structure of HD-5 in relation to its function, a HD-5 derivative peptide was

synthesized, in which the six cysteine residues were replaced with L-(-aminobutyric acid (HD-

5Abu), thus preventing the formation of disulfide linkage while leaving the peptide sequence

otherwise unaltered. Folded and purified HD-5 and purified HD-5Abu were analyzed on Cl 8

RP-HPLC (Fig. 6, A and B). HD-5 was less hydrophobic than HD-5Abu, as indicated by then-

relative retention time on Cl 8 RP-HPLC. The molecular mass of both peptides was confirmed by

ESI-MS (Fig. 6, C and D). The observed molecular masses of 3582.0±0.5 Da for HD-5 and

3480.7±0.3 Da for HD-5Abu agree with the calculated average isotopic values of 3582.2 and

3480.2 Da respectively.

[000138] Antimicrobial activity of HD-5 peptides

[000139] The antimicrobial activity of both peptides was examined against E. coli ATCC

25922 and S. aureus ATCC 29213 (Fig. 7A). As described previously [91], HD-5 efficiently

killed both bacterial strains and, at comparable peptide concentration, proved more toxic towards

S. aureus as compared to E. coli. At the highest peptide concentration tested (125 wg/ml), S.

aureus appeared unable to recover from the 2 hour incubation with HD-5 . HD-5Abu was

comparable to HD-5 in antimicrobial activity towards E. coli, and was even slightly more

efficient in killing at higher concentrations. Surprisingly, killing of S. aureus by HD-5Abu was

four to five orders of magnitude less efficient than killing by HD-5 at comparable peptide

concentration.

[000140] To evaluate the salt dependence of HD-5ce bacterial killing, the antimicrobial

assay was performed at increasing sodium chloride concentrations (Fig. 7B). For these



experiments, a fixed peptide concentration of 100 wg/ml was used against E. coli and 50 wg/ml

against . aureus. Increasing salt concentration reduced the antimicrobial activity of HD-5 . At

the highest salt concentration tested (100 mM), HD-5 α was still significantly toxic against S.

aureus, whereas antibacterial activity against E. coli was almost completely inhibited, even at

twice the concentration of peptide. Against E. coli, the bactericidal activity of HD-5Abu was

significantly inhibited only at a concentration of 50 mM NaCl, inhibition was not increased

further by higher salt concentration. Against S. aureus, the antibacterial activity of HD-5Abu was

completely inhibited even at low salt concentrations. Taken together, these data indicate that

effective killing of E. coli by HD-5 is structure-independent or alternatively, more sequence-

driven. Efficient activity against S. aureus requires the peptide to be folded and was less

inhibited by increasing salt concentrations.

[000141] Interaction of HD-5o! peptides with intestinal epithelial cells

[000142] To examine the interaction of HD-5CU with Caco-2 cells, rhodamine-labeled HD-

5 was synthesized. The molecular mass of the purified peptide was verified by ESI-MS to be

3994.6±0.6 Da, in good agreement with the calculated value of 3994.2 Da (not shown).

[000143] Following incubation of Caco-2 cells with the labeled peptide, localization of

HD-5 was visualized by fluorescence confocal microscopy (Fig. 8). While localization of HD-

5 was predominantly seen at the surface of the Caco-2 cells, internalization of the probe was

also observed. To test whether HD-5 induces an intestinal inflammatory response, Caco-2

intestinal epithelial cells were incubated in the presence of increasing concentrations of the

peptide. Steady-state quantities of secreted HD-5 have been estimated to be in the range of 50-

250 ocg/ml in the intestinal lumen [92,93]. Therefore, the effects of the peptides were examined

at concentrations of 50 and 100 wg/ml. Cells incubated with 100 ng/ml tumor necrosis factor

(TNF ct) were used as a positive control. HD-5 induced IL-8 secretion in a dose-dependent

fashion (Fig. 9, white bars). IL-8 levels increased ~10-fold at a peptide concentration of 100

Mg/ml compared to control cells, similar to IL-8 levels observed after incubation with TNF

(Fig. 9, grey bar). To examine the effect of peptide structure, cells were incubated with the

same concentration of the HD-5 Abu peptide. Induction of IL-8 secretion was not observed in the

presence of HD-5Abu at the same concentrations (Fig. 9, black bars), indicating the induction of

IL-8 secretion depends on the structure of HD-5 .

[000144] In addition to HD-5 , TNFo; is also expressed by Paneth cells [94]. Therefore,

the IL-8 secretion upon co-incubation of intestinal epithelial cells with HD-5 and TNF (Fig.

10) was examined. Incubation with HD-5« or TNF , alone increased EL-8 secretion ~10- fold



relative to the control. Co-incubation of HD-5 and TNF resulted in an additional 6-fold

increase in IL-8 secretion as compared to the levels observed when the two agents were applied

separately. Ih contrast, HD-5Abu was completely ineffective in stimulating IL-8 secretion.

Together, these data suggest that HD-5 and TNBa enhance IL-8 secretion by intestinal epithelial

cells synergistically, and that HD-5 must be structured to stimulate secretion.

[000145] The result show that killing of E. coli by HD-5ce is independent of peptide

structure, whereas antimicrobial activity against S. aureus requires the native structure and it was

shown herein that HD-5α: induces secretion of IL-8 by epithelial cells in a structure dependent

manner. Furthermore, HD-5 and TNF act synergistically to induce secretion.

[000146] Importantly, approximately one-third of Crohn's disease patients show a further

reduced expression of HD-5 . Based on the results shown herein, lower levels of HD-5 observed

in Crohn's disease patients compared to normal conditions may compromise the ability of the

intestinal epithelium to respond to immune challenges by weakening the antibacterial activity as

well as by weakening the immune response of the epithelium.

[000 147] HD5 can be fluorescently labeled successfully.

[000148] Since the N-terminal -amino group is the only reactive group in HD5 ,

fluorescein isothiocyanate (FITC) was directly coupled to folded HD5θ! in solution using a

succinimide ester-activated fluorophore (commercially available) to react with the amino group.

Shown in Figure 5 is the HPLC trace of FITC-labeled HD5α. together with the mass

determination.

[000149] Site-specific labelling of HD5ce and HBD-2 with photo-cross linking or

fluorescent groups

[000150] HD5 and HBD-2 site-specifically labeled with photo-cross linking or

fluorescent groups. For fluorescent labeling, two techniques are in practice - site-specific

labeling on solid phase during peptide synthesis and non-specific labeling in solution on a folded

protein. A succinimide ester-activated fluorophore (commercially available) reacting with the

amino group(s) on a target molecule is arguably the most robust chemistry. Since the N-terminal

α-amino group is the only reactive group in ΗD5a, FITC was directly coupled to folded HD5 in

solution successfully. For HBD2, N-terminal labeling will be carried out on resin before the



peptide is deprotected, cleaved and folded as hBD2 contains multiple Lysine residues that

effectively preclude controlled labeling in solution.

[000151] Photo-cross-linking reagents are frequently used for identifying the targets of

protein/peptide ligands and for mapping the binding site on the target molecule [70]. In a typical

photo-cross-linking reaction, the formation of covalent linkage between the photoreactive group

and the receptor protein can be initiated by controlled irradiation of the photophore at a defined

wavelength. Therefore, by chemically attaching a photophore to the ligand of interest, a covalent

complex with the receptor protein can be produced. For photo-cross linking, 4-benzoyl-

phenylalanine (Bpa) is one of the most widely used photophores due to its highly efficient and

specific photoreactivity and stability (single-site on C-H bonds) [71]. As an unnatural amino

acid, it can be incorporated into peptides using the standard chemistry for solid phase peptide

synthesis. The photophore is suitably conjugated with a tag molecule for easy detection, using

radioactive, fluorescent or immunoreactive moieties. When biotin is attached to the photophore,

immobilized avidin affords efficient affinity separation of the ligand-receptor complexes.

[000152] The rationale for the design is as follows. Biotin as an affinity handle will be

used to immobilize defensin-receptor complexes to avidin-Sepharose beads. This will facilitate

efficient removal of non-specifically bound species and allow for enrichment of receptor

molecules. The role for Lys is two-fold. It serves as a spacer between Bpa, biotin and defensin

that minimizes potential steric hindrance for binding and photoreaction. It also provides a

carboxyl group for specifically attaching to defensin. Three precursors: Boc-Bpa-OH, Boc-

Lys(Fmoc)-OH and activated Biotin (succinimidyl ester) are all available commercially. The

three compounds will be attached sequentially to the N-terminus of defensin using standard Boc

chemistry for solid phase peptide synthesis.



[000154] Examples: S-layer coated biodegradable microcapsules containing human

defensin5D

[000155] The immunomodulatory properties of human defensin 5 are suggestive of its

utility as a molecular therapeutic in the treatment of inflammatory gut diseases, such as Crohn's

disease of the ileum. As such, HD5 is encapsulated by biodegradable microcapsules coated

with the purified Surface layer (S-layer) protein SIpA from Lactobacillus brevis. This coating

specifically targets the microcapsules to intestinal epithelial cells through the affinity of the S-

layer protein for extra cellular membrane components. This novel concept ensures defensins to

reach their site of action.

[000156] HD5 or derivatives of interest are microencapsulated by a (water-in-oil)-in

water solvent extraction technique in a simple beaker/stirrer setup, using Poly(DL-lactide-co-

glycolide) as the polymer [80,81]. The size of the resulting microcapsules depends mainly on the

polymer used and the speed of preparation of the emulsion.

[000157] Many studies in development of biodegradable carriers have employed a "dope

and hope" strategy. Encapsulated antigens are administered by oral gavage in the hope that a

proportion is transported to immune effector sites at the intestinal epithelium. Using the

technology developed herein, specific targeting of the encapsulated defensins to their immune

effector sites is ensured by coating of the microcapsules with the purified SIpA protein from

Lactobacillus brevis ATCC 8287.



[000158] The microcapsules are characterized by size using a Coulter counter as well as

electron microscopy. The interaction between the microparticles and intestinal cells are

visualized by microscopic analysis. Ih addition, the interaction between the S-layer protein and

ECM components are studied by surface plasmon resonance experiments. The efficiency of

encapsulation of the defensins can be judged by HPLC analysis by comparing the HPLC peak

surface from the input peptides to that of the microcapsules. The rate of release over time of the

defensins can be judged by HPLC also after rehydration of the lyophilized particles. In all these

studies, microcapsules without protein are used as a control. The antimicrobial properties of all

HD5ce derivatives proposed in this work will be tested using a "virtual colony counting"

approach, an in-house 96-well turbidimetric assay that allows rapid screening of the

antimicrobial activity of many samples.

[000159] The novel concept of biodegradable polymers coated with the S-layer protein

provides for the delivery of these microcapsules as antigen carriers specifically targeting

epithelial cells both in vitro and in vivo.
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THE CLAIMS

That which is claimed is:

1. A delivery device for administering a therapeutic agent to specific tissue comprising:

a therapeutic agent encapsulated in a microsphere; and

surface layer proteins coating at least a section of the microsphere, wherein the surface-

layer protein has affinity or the specific tissue.

2. The delivery device of claim 1, wherein the specific tissue is intestinal epithelium.

3. The delivery device of claim 1, wherein the surface-layer protein is SIpA purified from

Lactobacillus brevis.

4. The delivery device of claim 1, wherein the therapeutic agent is a native defensin or an

analog there of.

5. The delivery device of claim 1, wherein the therapeutic agent is HD5 or an analog

thereof.

6. The deliver device of claim 0 wherein the microsphere is fabricated of or comprises a

polymeric substance selected from the group consisting of polyorthoesters, polyanhydrides,

polyamides, polyalkylcyanoacrylates, polyesters, polyphosphazines, pseudo-polyamino acids,

proteins, and polysaccharides.

7. The delivery device of claim 1, wherein the microsphere comprises poly(DL-lactide-co-

glycolide).

8. The delivery device of claim 0 wherein the surface layer protein is from a Lactobacillus

sp.

9. The delivery device of claim 1, wherein the surface layer protein has affinity for an

extracellular membrane component.

10. The delivery device of claim 3, wherein the surface layer protein has affinity for

fibronectin.



11. The delivery device of claim 1, wherein the surface layer protein has affinity for at least

two extracellular matrix components selected from fϊbronectin, laminin, fibrinogen and collagen.

12. The delivery device of claim 1, wherein the therapeutic agent is HD5α:or analog thereof,

and the surface layer protein is SIpA from Lactobacillus brevis.

13. A composition comprising the delivery device of claim 1.

14. A composition comprising the delivery device of claim 12.

15. The composition of claim 14 provided in the form of a unitary dosage unit.

16. The composition of claim 15 wherein the dosage unit is selected from the group

consisting of tablets and capsules.

17. The composition of claim 13 further comprising a coating selected from the group

consisting of: AZO-bonded coatings, enteric coatings, pH sensitive coatings, coatings that

dissolve in a pH range of about 5.5 to about 7, methacrylic polymers, time release coatings,

microcapsules, biodegradable coatings, and redox sensitive coatings.

18. A method of preparing a delivery device for specific tissue, the method comprising:

encapsulating a therapeutic agent in a microsphere; and

coating at least a section of the microsphere with surface layer proteins, wherein the

surface-layer protein has affinity for the specific tissue.

19. The method of claim 18, wherein the specific tissue is intestinal epithelium.

20. The method of claim 18, wherein the surface-layer protein is SIpA purified from

Lactobacillus brevis.

2 1. The method of claim 18, wherein the therapeutic agent is a native defensin or an analog

there of.

22. The method of claim 18, wherein the therapeutic agent is HD5 or an analog thereof.

23. The method of claim 18, wherein the microsphere is fabricated of or comprises a

polymeric substance selected from the group consisting of polyorthoesters, polyanhydrides,



polyamides, polyalkylcyanoacrylates, polyesters, polyphosphates, pseudo-polyamino acids,

proteins, and polysaccharides.

24. The method of claim 18, wherein the microsphere comprises poly(DL-lactide-co-

glycolide).

25. The method of claim 18, wherein the surface layer protein is from a Lactobacillus sp.

26. The method of claim 18, wherein the surface layer protein has affinity for an

extracellular membrane component.

27. The method of claim 18, wherein the surface layer protein has affinity for at least one

extracellular matrix components selected from fibronectin, laminin, fibrinogen and collagen.

28. The method of claim 18, wherein the therapeutic agent is HD5 or analog thereof, and

the surface layer protein is SIpA from Lactobacillus brevis.

29. A method of treating a disease condition affecting the small and/or large intestine

comprising administering to a subject a pharmaceutical formulation comprising surface-layer

protein coated microspheres of claim 0.

30. The method of claim 29 wherein the disease condition comprises Crohn's disease.

31. The method of claim 29 wherein the disease condition comprises an infectious colitis

selected from the group consisting of pseudomembranous colitis, Clostridium difficile colitis,

salmonella enteritis, shigella infections, yersiniosis, cryptosporidiosis, microsporidial infections,

and viral infections.

32. The method of claim 0 wherein the pharmaceutical formulation is administered orally.

33. Use of the delivery device in the manufacture of a medicament for the treatment of

intestinal tract diseases.
























	front-page
	description
	claims
	drawings

