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Fig. 1.

1. ATG AGG AGC ATG GCC ATG CTT GGT GCC ATT CTC CTG GTG GCC CTG CAG GOC CAG GCT GAG
2. ATG C6T ACC ATT GCC ATT CTG GCC GCC ATT CTG CTG GTG GCC CTG CAG GCC CAG GCC GAA
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signatl peptide (19 AA, 2.0 kDa )

1. TCA CTC CAG GAA AGA GCT GAT GAG GOT ACA ACC CAG AAG CAG TCT GGG GAA GAC AAC CAG
2. AGC CTG CAG GAA G GCC GAT GAA GCC ACC ACC CAG AAy CAG AGC 66T GM GAT AAT CAG
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A proplece (43 AA 4.5 kDa)
1. GAC CTT GCT ATC TGC TTT GCA GGA AAT GGA CTC TCT GCT CTT AGA ACC TCA GGT TCT CAG
2. GAT CTg GCC ATT AGC TYT GOC GGT AAT GG CTG AGC GCC CTG COT ACC AGG GGT AGC CAG

1. GCA AGA GCC ACG TGC TAT TGC GGA ACC GGG CGT TAT GCT ACC CGT GAG TCC CTC TCC GGG
2. GCG CGT GOC ACC TGC TAT TGC GG ACC GGT CGT TGC GCC ACC CGT GAA AGG CTG AGC GGT

[BETH AG3 TG4 C65 Y66 CG7 RE8 TG G/D RIT C72 AJ3 174 R75 16 S77 178 S19 GAO.
mature HD5 (32 AA, 3.6 kDa}

. GTG TGT GAA ATC AGT GGC CGC CTC TAC AGA CTC T6C TGT G6C TOA
. 676 T6C GAA ATT AGC GGT CAT CTG TAT CGT CTG TGC TGC CAT TaA T6A
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Two stop codons

(57) Abstract: The present invention is directed to a recombinant E. coli Nissle 1917 (EcN) cell transformed with a nucleic acid
coding for a defensin protein or a derivative thereof. The invention is further directed to a pharmaceutical composition comprising
this cell and a pharmaceutically acceptable carrier as well as a method of producing a recombinant E. coli Nissle 1917 cell and its
use in the treatment of Crohn's disease.
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RECOMBINANT ESCHERICHIA COLI STRAINS

FIELD OF THE INVENTION

The present invention is directed to a recombinant Escherichia coli (E. coli) strain Nissle 1917 (EcN)
cell transformed with a nucleic acid coding for a defensin protein or a derivative thereof. The
invention is further directed to a pharmaceutical composition comprising this cell and a
pharmaceutically acceptable carrier as well as a method of producing a recombinant E. coli Nissle
1917 cell and its use in the treatment of Crohn’s disease.

BACKGROUND OF THE INVENTION

Escherichia coli strain Nissle 1917 (EcN) is one of the best studied probiotic strains and the active
component of the microbial drug Mutaflor® (Ardeypharm GmbH, Herdecke, Germany). This probiotic
drug is successfully used in several European countries for the treatment of various diseases of the
digestive tract, including acute and prolonged diarrhea, uncomplicated diverticular disease, and
inflammatory bowel disease (IBD). It is particularly used for maintenance therapy of remission in
patients with ulcerative colitis (UC). In ulcerative colitis, it is thought that one of the main
mechanisms of action of EcN is the induction of defensin synthesis in intestinal epithelial cells. The
molecular mechanism behind the clinical effectiveness of EcN in UC-treatment might be the flagellin-
mediated enhancement of human B-defensin 2 (HBD2) production which is due to induction of a NF-
kB- and AP-1-dependent signaling pathway.

On the other hand, except in small-sized clinical trials, ECN has not been shown to be generally
effective in Crohn’s disease (CD) patients. The reason is that the low amount of antimicrobial
peptides, especially defensins, in the gut of patients with CD appears to be due to a primary defect of
defensin synthesis. It was reported that mutations in the NOD2 (nucleotide-binding oligomerization
domain 2) gene, an intracellular receptor for bacterial muramyl dipeptide, are clearly associated with
ileal Crohn’s disease. Wehkamp and colleagues also found a pronounced decrease of a-defensin
transcripts in patients with Crohn’s disease carrying a NOD2 mutation as compared to the wild type
(Wehkamp et al., 2004b, Wehkamp et al., 2005). Moreover, Wehkamp's research group was able to
show a reduced expression of TCF4 which is a known regulator of Paneth cell differentiation and also
a-defensin expression, in patients with ileal Crohn’s disease as compared to colonic Crohn’s disease
and ulcerative colitis (van Es et al. 2005; Wehkamp et al., 2007). Besides, the number of HBD2 gene
copies was shifted to lower numbers in colonic CD as compared to controls (3 vs. 4) (Fellermann et
al., 2006).
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Defensins are cationic, arginine-rich, small peptides between 3.5 and 4 kDa in size with six cysteines
that form three disulfide bridges. They exhibit a broad-spectrum antimicrobial activity against
bacteria, fungi and some enveloped viruses and can also act as chemokines. Their mechanism of
antimicrobial action is an attachment of the cationic defensins to the negatively charged bacterial cell
surface resulting in a membranolytic disruption of the plasma membrane. Defensins are classified as
a- or B-defensins based on the position of the 3 intramolecular disulfide bridges. 6 a-defensins (HNP1-
4, HDS5 and HD6) and 6 B-defensins (HBD1 to 6) have been identified in humans. Human a-defensins
provide antimicrobial host defense throughout the periphery and small intestine by their expression
and release from granulocytic neutrophil and Paneth cell populations. Human o-defensins are
synthesized as larger, inactive pro-peptide molecules and the mature, active peptides result from post-
translational processes. Human a-defensin 5 (HDS) is primarily expressed in intestinal Paneth cells as
an inactive pro-peptide. It is cleaved into the active mature HDS by trypsin stored in Paneth cell
granules. Human B-defensins are produced by epithelial cells that are part of both the innate and
adaptive immune responses. In contrast to human a-defensins, human B-defensins are not expressed as
pro-forms. HBD2 synthesis is induced in the skin as well as in urinary, gastrointestinal, and respiratory
epithelia through stimulation of epithelial cells by contact with microorganisms or cytokines, such as
TNF-a and IL-1B.

Small cationic antimicrobial peptides have already been successfully synthesized in E. coli by
recombinant DNA methods. However, there are several pitfalls using E. coli as the host cell for
cationic antimicrobial peptide expression, such as the host-killing activity of the product and its
susceptibility to proteolytic degradation. The fusion expression of the target peptide with a partner
alleviates these problems. However, there arises another problem in that most fusion products are
inactive or produced in an insoluble form. It has been reported that a fusion expression system with
thioredoxin (TrxA) resulted in an increased yield of soluble products. This has also been observed for
HBD2 and HBD3. As mentioned above, the gut of CD patients possesses a low amount of
antimicrobial peptides, especially defensins, because of a primary defect of defensin synthesis.

Therefore, it is an object of the present invention to provide a new therapeutic system which allows a
convenient in vivo application of physiologically acceptable cells expressing defensins. It is a further
object of the invention to provide a therapeutic approach which overcomes the physiological
deficiencies in endogenous defensin synthesis in patients in order to provide an effective treatment of
patients suffering from Crohn’s Disease. It is a further object of the present invention to provide
recombinant E. coli cells comprising nucleic acids coding for a defensin protein and which are capable
of delivering defensin proteins to an intended target site in the human body. It is a further object of the
present invention to provide a host cell which is able to resist the host-killing activity of defensin

proteins.
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SUMMARY OF THE INVENTION

These objects are achieved by the recombinant E. coli Nissle 1917 (EcN) cells according to the
invention which have been transformed with a nucleic acid coding for a defensin protein or a
derivative thereof. The present inventors successfully constructed defensin-producing and -secreting
probiotic EcN bacteria for supplementing the lacking endogenous defensin synthesis in human
patients.

The inventors unexpectedly found out that E. coli strain Nissle 1917 may express defensin
recombinantly in a therapeutically suitable amount without being affected by the host-killing activity
of the defensin protein.

Therefore, a new pharmaceutical composition is provided comprising recombinant E. coli Nissle 1917
cells encoding the defensin proteins or a derivative thereof as well as the use thereof in the treatment

of Crohn’s disease.

The present invention is further directed to a method of producing such a recombinant E. coli Nissle
1917 cell which method comprises the steps of providing a nucleic acid coding for a defensin protein
or a derivative thereof and E. coli Nissle 1917 cells; and transforming the cells with said nucleic acid,
where the transformed E. coli Nissle 1917 cells are capable of expressing a defensin protein or
derivative thereof.

DETAILED DESCRIPTION OF THE INVENTION

According to a first aspect, the present invention is directed to a recombinant E. coli Nissle 1917 cell
transformed with a nucleic acid coding for a defensin protein or a derivative thereof.

The term “nucleic acid sequence” in the context of the present invention means a heteropolymer of
nucleotides or the sequence of these nucleotides. The term “nucleic acid” comprises RNA as well as
DNA, including ¢cDNA, genomic DNA and synthetic (e.g. chemically synthesized) nucleic acids and
the like.
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The term "derivative", as used herein, means a derivative of a nucleic acid coding for a defensin
protein which contains one or more substitutions, insertions and/or deletions when compared to the
original defensin nucleic acid sequence. Those derivatives preferably lack one, but also 2, 3, 4 or more
nucleotides 5'- or 3'- or within the nucleic acid sequence, or the nucleotides are replaced by others.

The term derivative in particular comprises those nucleic acids which are in essence equivalent to the
original nucleic acids encoding defensin but showing at least about 80%, more typically at least about
90% or 95% sequence identity to the original defensin encoding sequences.

In particular variants of the protein, for example deletions, insertions and/or substitutions in the
sequence, which cause for so-called “silent” changes, are considered to be part of the invention. For
example, such changes in the nucleic acid sequence are considered to cause a substitution with an
equivalent amino acid. Preferably are such amino acid substitutions the result of substitutions which
substitute one amino acid with a similar amino acid with similar structural and/or chemical properties,
i.e. conservative amino acid substitutions.

Amino acid substitutions can be performed on the basis of similarity in polarity, charges, solubility,
hydrophobic, hydrophilic, and/or amphiphilic nature of the involved residues. Examples for
hydrophobic amino acids are alanine, leucine, isoleucine, valine, proline, phenylalanine, tryptophan
and methionine. Polar, neutral amino acids include glycine, serine, threonine, cysteine, thyrosine,
asparagine and glutamine. Positively (basic) charged amino acids include arginine, lysine and
histidine. And negatively charged amino acids include aspartic acid and glutamic acid.

“Insertions” or “deletions” usually range from one to five amino acids. The allowed degree of
variation can be experimentally determined via methodically applied insertions, deletions or
substitutions of amino acids in a protein molecule using recombinant DNA methods. The resulting
variants can be tested for their biological activity.

Nucleotide changes, which affect the N-terminal and C-terminal part of the protein, often do not
change the protein activity, because these parts are often not involved in the biological activity. It can
be desired to eliminate one or more of the cysteines of the sequence, since cysteines can cause the
unwanted formation of multimers when the protein is produced recombinantly. Multimers may
complicate purification procedures. Each of the suggested modifications is in range of the current state
of the art, and under the retention of the biological activity of the encoded products.

"Biological activity” in the context of the defensin proteins in particular means their antimicrobial
activity against bacteria, fungi and some enveloped viruses. It is further noted that whenever the
present invention mentions a “derivative” of a defensin protein, a protein is meant which is having a
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biological function equivalent to the original defensin protein, i.e. the anti-microbial action and its
usefulness in the treatment of Crohn’s Disease, i.e. for supplementing the lacking endogenous defensin

synthesis.

In a preferred embodiment, the recombinant E. coli cell of the present invention is transformed with a
nucleic acid coding for a defensin protein selected from human a- or B-defensin. Those defensin
proteins more preferably are selected from human a-defensins HNP1-4, human a-defensin 5 (HDS),
human a-defensin 6 (HD6) and human B-defensins 1-6 (HBD1-6) or from the respective mature form

of said proteins.

The term “mature form of said proteins” refers to human a-defensins only which are expressed in pro-
forms which, following cleavage, result in the active mature form of a-defensin. Human B-defensins
are not expressed as pro-forms.

The sequences of human a- and B-defensins as outlined above have been published before and are
disclosed, for example, in the following databases:

Human defensin sequences

Human a-defensins
Human a-defensin 1

http://www.ncbi.nlm.nih.gov/nuccore/NM_004084.3

Human a-defensin 3

http://www.ncbi.nlm.nih.gov/nuccore/NM_005217.3

Human a-defensin 4

http://www.ncbi.nlm.nih.gov/nuccore/NM_001925.1

Human o-defensin 5

http://www.ncbi.nlm.nih.gov/nuccore/NM _021010.1
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Human a-defensin 6

http://www.ncbi.nlm.nih.gov/nuccore/NM_001926.3

Human B-defensins
Human B-defensin 1

http://www.ncbi.nlm.nih.gov/nuccore/NM_005218.3

Human B-defensin 2

http://www.ncbi.nlm.nih.gov/nuccore/af040153

Human B-defensin 3

http://www.ncbi.nlm.nih.gov/nuccore/AF301470.1

Human B-defensin 4

http://www.ncbi.nlm.nih.gov/nuccore/BC093983.1

Human B-defensin 5

http://www.ncbi.nlm.nih.gov/nuccore/AB089180.1

Human B-defensin 6

http://www.ncbi.nlm.nih.gov/nuccore/AB089181.1

In a further preferred embodiment, the defensin protein or derivative thereof is, according to the
present invention, expressed as a fusion protein, preferably as a fusion protein with a HIS-tag or with
an E. coli YEBF protein. E. coli protein YEBF (10.8 kDa) is a soluble endogenous protein secreted
into the extracellular medium and has been used as a carrier for transgenic proteins in the past.
Passenger proteins, such as defensin, linked to the carboxyl end of YEBF are efficiently secreted by
the respective recombinant E. coli strain. That is to say, a fusion protein of defensin and YEBF can be
efficiently secreted from E. coli cells leading to a higher amount of secreted defensin than from E. coli
cells which are expressing the defensin protein in pure form.

PCT/EP2013/000446
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In a further embodiment, the nucleic acid coding for a defensin protein or the derivative thereof is
adapted for expression in E. coli cells by codon optimization. Codon optimization is a technique used
to improve the protein expression in living organisms by increasing the translational efficiency of the
gene of interest. In particular, it is known that codon optimization can improve the expression of
human genes (such as defensin) in E. coli cells. Thus, the efficiency of expression is optimized by
using the most common host codons for gene expression. Preferred examples of nucleic acids coding
for defensin proteins being adapted for expression in E. coli Nissle 1917 cells are those according to
‘sequence ID NOs: 1, 2 and 3. SEQ ID NO: 1 is the original HBD2 cDNA, which has not been
optimized, whereas SEQ ID NOs: 2 and 3 are optimized as hHBD2 and nHBD2 sequences. SEQ ID
NOs: 2 and 3 are most preferred for expression in E. coli Nissle 1917 cells.

In a further embodiment, the nucleic acid coding for the defensin protein or derivative thereof is part
of an expression vector, which expression vector additionally contains one or more regulatory
sequences. Numerous vectors are known to be appropriate for the transformation of bacterial cells: for
example, plasmids and bacteriophages, like the phage A, are frequently used as vectors for bacterial
hosts.

In a preferred embodiment, the expression vector is a plasmid and the regulatory sequences comprise
the T7 RNA polymerase promoter.

In a further aspect, the present invention is directed to a pharmaceutical composition comprising
recombinant E. coli Nissle 1917 cells as defined above and a pharmaceutically acceptable carrier.

The active components of the present invention thus are preferably used in such a pharmaceutical
composition in doses mixed with an acceptable carrier or carrier material, that the disease can be
treated or at least alleviated. Such a composition can (in addition to the active component and the
carrier) include filling material, salts, buffer, stabilizers, solubilizers and other materials, which are
known state of the art.

The term “pharmaceutical acceptable” defines a non-toxic material, which does not interfere with
effectiveness of the biological activity of the active component. The choice of the carrier is dependent
on the application.

The pharmaceutical composition can contain additional components which enhance the activity of the
active component or which supplement the treatment. Such additional components and/or factors can
be part of the pharmaceutical composition to achieve a synergistic effect or to minimize adverse or

unwanted effects.
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General techniques for the formulation or preparation and application/medication of compounds of the
present invention may be found in "Remington's Pharmaceutical Sciences", Mack Publishing Co.,

Easton, PA, latest edition.

For example, the transformed E. coli cells of the present invention may be administered orally, for
example encapsuled in a hard gelatine capsule. Such a capsule may contains about 2,5 - 25 x 10°
viable E. coli cells as a single dosage. Further ingredients might be selected from usual auxiliaries
such as maltodextrine, talc, Eudragit® L 100, macrogol (4000), triethylcitrat, glycerol (just to name a
few).

In a further aspect, the present invention is directed to a recombinant E. coli Nissle 1917 (EcN) cell as
defined above for use in the treatment of Crohn's disease.

An additional aspect of the invention is a method of producing a recombinant E. coli Nissle 1917 cell
comprising the steps of providing a nucleic acid coding for a defensin protein or derivative thereof and
E. coli Nissle 1917 cells, and transforming the cells with said nucleic acid, where the transformed E.
coli Nissle 1917 cells are capable of expressing a defensin protein or derivative thereof.

The nucleic acid preferably is cloned into an expression vector and introduced into the cell by
electroporation. As outlined above, the defensin protein or derivative thereof is expressed as a fusion
protein with an N-terminal His-tag and/or as a fusion protein with the E. coli YebF protein.

Unless otherwise defined, all technical and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to which this invention pertains. All
publications mentioned herein are incorporated by reference in their entirety. In case of conflict, the
present specification, including definitions, will control. In addition, the materials, methods, and
examples are illustrative only and not intended to be limiting.

The invention is now further illustrated by the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES
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Fig. 1. Comparison of (A) HBD2 and (B) HDS sequences between original cDNA and modified ones,
lane 1: original sequences of the cDNA, (A) HBD2-gene (GeneBank accession No AF040153) and
(B) HD5-gene (GeneBank accession No M97925) sequences; lane 2 of (A): optimized sequences of
shHBD2; lane 3 of (A): optimized sequences of nHBD2-gene (EMBL HES583189); lane 4 of (A):
sequences of corresponding amino acids of HBD2; and lane 2 of (B): nHD5-gene (EMBL HE583188);
lane 3 of (B): sequences of corresponding amino acids of and (B) HDS.

Fig. 2. Expression vector pET-28a(+). (A) Physical map of vector pET-28a(+) harboring the gene
(open arrow in A) encoding the protein depicted in. (B) Schematic composition of the protein encoded

by vector pET-28a(+).

Fig. 3. Expression plasmid pEAS101. (A) Physical map of the recombinant plasmid pEAS101
encoding the fusion gene composed of the fusion partner including a His-tag and the nHBD2-gene. (B)
Schematic composition of the fusion protein HisHBD2.

Fig. 4. Expression plasmid pEAS102. (A) Physical map of the recombinant plasmid pEAS102
harboring the fusion gene composed of the fusion partner including a His-tag and that part of the
nHBD2-gene encoding the mature form of HBD2. (B) Schematic composition of the fusion protein
HisMHBD?2. '

Fig. 5. Expression plasmid pEAS103. (A) Physical map of pEAS103 containing the fusion gene
composed of the fusion partner with a His-tag and the nHDS5-gene. (B) Physical map of the
composition of the fusion protein HisHDS.

Fig. 6. Expression plasmid pEAS104. (A) Physical map of the recombinant plasmid pEAS104
encoding the fusion gene composed of the fusion partner encoding a His-tag and that part of the
nHDS5-gene encoding mature HDS5. (B) Fusion protein HisMHDS and the parts it is composed of.

Fig. 7. (A) Western blot analysis with anti-HBD2 rabbit polyclonal antiserum of whole cell proteins
after induction of expression at 20 °C for 6 h (Samples were pellet of whole cell proteins after
centrifugation and adjusted to cell density (1.5x10% cfu cells were loaded for each lane)). Lane 1:
EcN100, Lane 2: EcN101. (B) Western blot analysis with anti-HBD2 rabbit polyclonal antiserum of
soluble and insoluble forms of HisHBD2 expressed in EcN101 after induction at 20 °C for 6 h
(Samples were adjusted to the number of bacterial cells (1.5x10% cfu)). Lane 1: supernatant of whole
cell proteins after cell lysis and centrifugation and filtration (i.e. soluble protein fraction); Lane 2:
pellet of whole cell proteins after cell lysis and centrifugation (i.e. insoluble protein fraction).



WO 2013/120618 PCT/EP2013/000446
10

Fig. 8. (A) Western blot analysis with anti-HBD2 rabbit polyclonal antiserum of whole cell proteins
after induction of expression at 37 °C (Samples were adjusted to the number of bacterial cells (1.5x10®
cfu)). Lane 1: EcN100, pellet of whole cell proteins after centrifugation; Lane 2: EcN100, cell-free
culture medium after centrifugation and filtration; Lane 3: EcN102, pellet of whole cell proteins after
centrifugation; Lane 4: EcN102, cell free culture medium after centrifugation and filtration; Lane 5:
positive control (commercial HBD2, 1 pg). (B) Westemm blot analysis with anti-HBD2 rabbit
polyclonal antiserum of soluble and insoluble forms of HisMHBD2 expressed in EcN102 after
induction at 37 °C for 2 h (Samples were adjusted to the number of bacterial cells (1 .5x10° cfu)). Lane
1: supernatant of whole cell proteins after cell lysis and centrifugation and filtration; Lane 2: pellet of
whole cell proteins after cell lysis and centrifugation.

Fig. 9. (A) Silver-stained gel after SDS-PAGE (the boxes indicate expressed HisHD5) and (B)
Western blot analysis with anti-HD5 rabbit polyclonal antiserum of whole cell proteins after induction
of expression at 37 °C for 4 h (Samples were pellet of whole cell proteins after centrifugation, and
identical optical densities (corresponding to 1.5x10® cfu) were loaded for each lane). Lane 1:
EcN1219, Lane 2: EcN100, Lane 3: EcN103, Lane 4: EcNc1219, Lane 5: EcNc100, Lane 6: EcNc103,
Lane 7: positive control (commercial HD5, 1 pg). (C) Western blot analysis with anti-HD5 rabbit
polyclonal antiserum of soluble and insoluble forms of HisHDS5 expressed in EcN103 after induction
at 37 °C for 4 h (Samples were adjusted to the number of bacterial cells (l.5x108 cfu)). Lane 1:
supernatant of whole cell proteins after cell lysis and centrifugation and filtration (i.e. the soluble
protein fraction); Lane 2: pellet of whole cell proteins after cell lysis and centrifugation (i.e. the
insoluble protein fraction). '

Fig. 10. Western blot analysis with anti-HD5 rabbit polyclonal antiserum of whole cell proteins after
induction at 37 °C (Samples were adjusted to the number of bacterial cells (1.5x10% cfu)). Lane I:
EcN100, pellet of whole cell proteins after centrifugation; Lane 2: EcN100, cell-free culture medium
after centrifugation and filtration; Lane 3: EcN104, pellet of whole cell proteins after centrifugation;
Lane 4: EcN104, cell-free culture medium after centrifugation and filtration.

Fig. 11. The antimicrobial activity of HisMHBD2 against (A) E. coli K-12 MG1655 and (B)
Salmonella enterica serovar Typhimurium SL1344 and (C) Listeria monocytogenes EGD. 1: negative
control (EcN100), 4 pg of fraction 0.03 eluted from Ni-column; 2: eluted proteins including HisHBD2
(EcN102), 4 pg of fraction 0.03 eluted from Ni-column; 3: positive control, commercial HBD2, 1 pg;
The lines indicate the 5 mm diameters of wells, Triple experiments were carried out and the mean
values and standard deviations are presented.

Fig. 12. DNA and amino acid sequences of the constructed fusion gene and the corresponding fusion
protein YebFMHBD2; Lane 1: cDNA sequence of the yebFMHBD2-gene; Lane 2: sequence of the
corresponding amino acids of YebFMHBD?2.
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Fig. 13. Expression plasmid pEAS105. (A) Physical map of plasmid pEAS105 harboring the yebF
gene. (B) Schematic presentation of the corresponding protein YebF.

Fig. 14. Expression plasmid pEAS106. (A) Physical map of the recombinant plasmid pEAS106
encoding the fusion gene composed of the fusion partner, the yebF and the nMHBD2-gene. (B)
Schematic composition of the fusion protein YebFMHBD?2.

Fig. 15. Analysis of intracellular and secreted polypeptides from recombinant strains ECN105 and
EcN106 (Samples were adjusted to the number of bacterial cells (1.1x10% cfu)). Lane 1: EcN105,
cellular proteins (pellet after centrifugation); Lane 2: EcN105, proteins in the cell-free supernatant
(supernatant after centrifugation and filtration); Lane 3: EcN106, cellular proteins (pellet after
centrifugation); Lane 4: EcN106, proteins in the cell-free supernatant (supernatant after centrifugation
and filtration).

Fig. 16. Comparison of intracellular and secreted polypeptides from recombinant strains of EcN102
encoding HisMHBD2 and EcN106 encoding YebFMHBD2 at 2 h after induction by Western blot
(Samples were adjusted to the number of bacterial cells (1.1x10® cfu)). Lane 1: EcN100, cellular
proteins (pellet after centrifugation); Lane 2: EcN100, proteins in the cell-free supernatant
(supernatant after centrifugation and filtration); Lane 3: EcN102, cellular proteins (pellet after
centrifugation); Lane 4: EcN102, proteins in the cell-free supernatant (supernatant after centrifugation
and filtration); Lane 5: EcN106, cellular proteins (pellet after centrifugation); Lane 6: EcN106,
proteins in the cell-free supernatant (supernatant after centrifugation and filtration); Lane 7: positive
control, commercial HBD2, 1 pg, The theoretical molecular masses are: for HisMHBD2 8.2 kDa, for
YebFMHBD?2 17.3 kDa, for secreted YebFMHBD2 15.1 kDa, and for mature HBD2 4.3 kDa .

Fig. 17. The antimicrobial activity of YebFMHBD2 by radial diffusion tests with (A) E. coli K-12
MG1655 and (B) Salmonella enterica serovar Typhimurium SL1344 and (C) Listeria monocytogenes
EGD; 1: negative control, proteins in the cell-free supernatant after centrifugation and filtration from
SK22D105, 4 pg; 2: proteins in the cell-free supernatant including YebFMHBD?2 after centrifugation
and filtration from SK22D106, 4 pg; 3: positive control, commercial HBD2, 1 ug; The lines indicate
the Smm diameters of wells, Triple experiments were carried out and the mean values and standard
deviations are presented.

Fig. 18. The antimicrobial activity of secreted YebFMHBD2 against E. coli K-12 MG1655 as
determined by the killing assay in liquid medium. Triple experiments were carried out and the mean
values and standard deviations are presented.
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EXAMPLES

Material and Methods

Bacterial strains

Escherichia coli strain DH5a (F 'Phi80dlacZ DeltaM15 Delta(lacZYA-argF) U169 deoR recAl endAl
hsdR17 (rk-, mk+) phoA supE44 thi-1 gyrA96 relA1)) was used as the host for gene manipulation. E.
coli Nissle 1917 (EcN) and EcNc (EcN cured from both its cryptic plasmids) and SK22D (EcN's
isogenic microcin-negative mutant) were used for heterogeneous gene expression. All strains used
and/or constructed are listed in Table 1.

Table 1

Strains used/constructed herein.

Strains Characteristics

E. coli K-12 DH5a F’'Phi80dlacZ DeltaM15 Delta(lacZY A-argF) U169 deoR recAl endAl hsdR17
(rk-, mk+) phoA supE44 thi-1 gyrA96 relAl

EcN1219 ApR, EcN harbouring plasmid pAR1219

EcNc1219 ApR, EcNc (EcN cured from both cryptic plasmids) harbouring plasmid
pARI1219

EcN100 ApR, KmR, EcN harbouring plasmids pAR1219 and pET-28a(+)

EcNcl100 ApR, KmR, EcNc harbouring plasmids pAR1219 and pET-28a(+)

EcN101 ApR, KmR, EcN harbouring plasrpids pAR1219 and pEAS101

EcN102 ApR, KmR, EcN harbouring plasmids pAR1219 and pEAS102

EcN103 ApR, KmR, EcN harbouring plasmids pAR1219 and pEAS103

EcNc103 ApR, KmR, EcNc harbouring plasmids pAR1219 and pEAS103

EcN104 ApR, KmR, EcN harbouring plasmids pAR1219 and pEAS104

EcN105 ApR, KmR, EcN harbouring plasmids pAR1219 and pEAS105
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EcN106 ApR, KmR, EcN harbouring plasmids pAR1219 and pEAS106
SK22D105 ApR, KmR, SK22D (EcN's isogenic microcin-negative mutant) harbouring

plasmids pAR1219 and pEAS105

SK22D106 ApR, KmR, SK22D harbouring plasmids pAR1219 and pEAS106

Plasmids and enzymes

Plasmid vector pET-28a(+) (Novagen, Madison, Wisconsin, USA) was used for cloning and
expression of the target defensin genes. It encodes an N-terminal His-tag and an optional C-terminal
His-tag and allows for expression of proteins under the control of the T7 RNA polymerase promoter.

The pBR322-based plasmid pAR1219 (Sigma-Aldrich, Saint Louis, Missouri, USA) encodes the T7-
RNA polymerase under the control of the IPTG-inducible lac UVS promoter (Davanloo et al., 1984).
In this study, EcN, EcNc and SK22D were transformed with pAR1219 and a recombinant pET-28a(+)
plasmid encoding a defensin.

Moreover, plasmid pYebF01 containing the yebF gene (NCBI (B1847)) under the control of the acrB
promoter was constructed.

All restriction enzymes and T4 DNA ligase were purchased from New England BioLabs (NEB,
Ipswich, Massachusetts, USA).

Design of HBD2 and HD5 genes with optimized codon usage for expression in Escherichia coli

The sequences of the human beta-defensin 2 gene (GeneBank accession No AF040153) and the
human alpha-defensin 5 gene (GeneBank accession No M97925) were optimized for high expression
in E. coli according to the codon usage table (http:/www.kazusa.or.jp/codon/). Optimized nHBD2 and
nHDS5 genes were produced by Eurofins MWG Operon (Ebersberg, Germany) (nHBD2) and Sloning
Biotechnology (Munich, Germany) (nHD5), respectively. All primers designed for and used are listed
in Table 2.

Table 2

Primers used for amplification and subsequent cloning into vector pET-28a(+).
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Primer Sequence
Pl 5°- CTTTAAGAATTCATGCGTGTT -3° (SEQ ID
NO: 4)
5°- CTTATTAAGCTTTCATTACGGT -3’ (SEQ ID
P2 NO: 5)
P3 5’- CTGCCGGGTGAATTCGGTG -3° (SEQ ID
NO: 6)
P4 5’- TCAGGAGGCCGGATCCATG -3° (SEQ ID
NO: 7)
5’- GCAGGAATTCGATATCAAGCTT -3’ (SEQ
P> ID NO: 8)
P6 5’- GTACCAGCGGATCCCAGG -3’ (SEQ ID NO:
9)
P7 5°- TAGAGAGCTCCCATGGAGAA -3’ (SEQ ID
NO: 10)
P8 5-GCGTTAATGAGATATCCTCGAGA -3° (SEQ
ID NO: 11)

The underlined part of each primer sequence corresponds to the recognition site of a restriction
enzyme: P1 (EcoRI), P2 (HindIII), P3 (EcoRI), P4 (BamHI), P5 (HindIII), P6 (BamHI), P7 (NcoI), P8
(Xhol).

Construction of recombinant plasmids encoding defensins

All plasmids used and generated in this application are listed in Table 3. For amplification of the
desired DNA fragment, Primers P1 (harboring an EcoRlI site) and P2 (harboring a HindlII site) were
used for amplification of full-length nHBD?2 gene with synthesized nHBD2 gene (by Eurofins MWG
Operon) as template and subsequent ligation with EcoRI/HindIll-cut pET-28a(+). The resulting
plasmid pEAS101 encodes the fusion protein consisting of HBD2 with an N-terminal extension
harboring a His-tag. Similarly, amplification and cloning of the nHBD2-gene-part encoding mature
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HBD2 with primers P2 and P3 (Table 2) were employed for creating pEAS102. This plasmid encodes
mature HBD2 with a His-tag in the N-terminal extension.

In the same way, plasmids pEAS103 encoding the proform of HDS and pEAS104 encoding mature
HDS5, both with an N-terminal His-tag, were constructed using primers P4, P5 and P6 (Table 2).

The construction of the recombinant plasmids started with the amplification of the desired DNA
fragment, agarose gel electrophoresis and elution of this fragment using QIAquick Gel Extraction Kit
(QIAGEN, Hilden, Germany). Afterwards, the eluted PCR products and pET-28a(+) were digested
with EcoRI and HindIII for construction of pEAS101 and pEAS102 and with BamHI and HindIII for
cloning of pEAS103 and pEAS104. Each designated digestion product was purified with QLlAquick
PCR purification Kit (QIAGEN) again. Finally, the insert and pET-28a(+) were ligated using T4 ligase

(NEB).

Moreover, a recombinant plasmid was constructed for secretion of mature HBD2. For the new
construct, the nMHBD?2 gene was amplified using primers P2 and P3 and ligated to EcoRI- and
HindlIlI-cleaved plasmid pYebFO01 for fusing it to the carboxyl end of the yebF gene (Table 2). After
the insert was confirmed by restriction enzyme analysis, the preferred DNA-sequence was identified.
- Afterwards, the yebFnMHBD2 gene was cloned into Ncol/HindIlI-digested plasmid pET-28a(+),
using primers P2 and P7 in order to put it under the control of the T7 RNA polymerase promoter.
Moreover, pEAS105 encoding YebF was constructed by using primers P7 and P8.

E. coli K-12 DH5a was transformed with the resulting plasmid by electroporation. The colonies
obtained were checked for containing the favored insert with restriction enzyme analysis and the
correct DNA-sequence was determined. EcN, EcNc and SK22D strains harboring plasmid pAR1219
were subsequently transformed with these recombinant plasmids.
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Plasmids used in this study.

Plasmids

Characteristics

pARI219

pYebF01

pET-28a(+)

pEAS101

pEAS102

pEAS103

pEAS104

pEAS105

pEAS106

ApR, pBR322 derived plasmid encoding the T7 polymerase under the UV5
promoter control

ApR, Plasmid containing yebF gene under the control of the acrB promoter

KmR, Plasmid vector for cloning genes under the expression control of the
T7 promoter and for creating a fusion protein containing either an N- or a
C-terminal His-tag.

KmR, pET-28a(+) containing nHBD2 gene under the control of the T7
promoter and encoding HisHBD2 fusion protein with an N-terminal His-tag

KmR, pET-28a(+) containing nMHBD2 gene under the control of the T7
promoter and encoding HisMHBD?2 fusion protein with an N-terminal His-
tag

KmR, pET-28a(+) containing nHDS gene under the control of the T7
promoter and encoding HisHD5 fusion protein with an N-terminal His-tag

KmR, pET-28a(+) containing nMHDS5 gene under the control of the T7
promoter and encoding HisMHDS fusion protein with an N-terminal His-
tag

KmR, pET-28a(+) containing yebF gene under the control of the T7
promoter and encoding YebF protein

KmR, pET-28a(+) containing yebF and nMHBD2 genes and under the
control of the T7 promoter and encoding YebFMHBD?2 fusion protein

Expression of recombinant defensins with the T7 expression system

Ten microliters of glycerol culture of each recombinant strain (see table 1) were added to 10 ml of
Turbo medium (Tryptone, yeast extract, NaCl, glycerol, KH,PO,, K;HPO,), supplemented with
ampicillin (20 pg/ml), kanamycin (10 pg/ml) and protease inhibitor cocktail according to the
instructions of the manufacturer (Roche, Basel, Switzerland). Cultures were grown at 37 °C for 16 h.
Subsequently, 8 ml of each culture were used to inoculate 800 ml Turbo medium containing
ampicillin, kanamycin, and an appropriate amount of protease inhibitor cocktail, as stated above. The
cultures were incubated at 37 °C and expression was induced at an OD600 of 1.0 with IPTG (final
concentration 1.0 mM) at 37 °C or 20 °C for varying times. Negative controls were always included
and treated under the same conditions as the recombinant EcN strains expressing defensins.
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SDS-tricine western blot analysis

Total proteins from whole cells were prepared by centrifugation of induced cultures at 13,000 x g for
10 min, and cells were resuspended in 10 mM Tris-HCI, pH 7.4. Proteins in the cell-free medium were
obtained by centrifugation of 2 ml induced culture at 13,000 x g for 10 min and sterile filtration (0.22
um, Millipore, Billerica, Massachusetts, USA). Afterwards, the supernatant was precipitated with 10
% trichloroacetic acid (TCA) at 4 °C for 1 h. After centrifugation at 13,000 x g and 4 °C for 15 min,
the pellet was washed twice by addition of 1 ml 100 % ethanol and once by 1 ml of 70 % ethanol. The
final pellet was dissolved in 10 mM Tris-HCI, pH 7.4, SDS-PAGE sample buffer (12 % SDS, 6 %
mercaptoethanol, 30 % glycerol, 0.05 % Coomassie blue G-250 (Roth, Karlsruhe, Germany), 150 mM
Tris-HC], pH 7.0) was added at an % volume of each sample, and then samples were boiled at 95 °C
for 5 min. SDS-tricine PAGE (12 % acrylamide) was used to check the expression of the recombinant
defensin peptides under reducing conditions (Schagger, 2006). After electrophoresis, proteins were
transferred to an Immobilon PS-Q membrane (Millipore) in Western blot buffers (Anode buffer I: 0.3
M Tris, 20 % methanol, 0.1 % Tween 20; Anode buffer II: 25 mM Tris, 20 % methanol; Cathode
buffer: 25 mM Tris, 20 % methanol, 40 mM s-Amino-n-capronic acid) with a semi-dry blotting
apparatus at 0.8 mA/cm2 for 1 h. The membrane was fixed with 0.01 % glutaraldehyde in Tris-
Buffered Saline (TBS) for 20 min, blocked in 5 % non-fat milk for 18 h and probed with a
corresponding antibody. Anti-HBD2 rabbit polyclonal antiserum (1:2,000, Tomas Ganz, UCLA, Los
Angeles, USA), anti-HDS5 rabbit polyclonal antiserum (1:1,000, Edith Porter, California State
University, Los Angeles, USA), anti-B-glactosidase monoclonal antibody (1:1,000, Cell signaling,
Beverly, Massachusetts, USA) and anti-maltose-binding protein rabbit polyclonal antiserum (1:5,000,
NEB) were used in this work. The blots were processed for chemiluminescent detection (0.1 M Tris
pH 8.5, 0.2 mM coumaric acid, 1.25 mM Luminol and 0.06 % H,0,).

Isolation of soluble mature fusion HBD2 with an N-terminal His-tag (HisMHBD?2) by nickel-affinity
chromatography

The induced cells were collected by centrifugation at 6,000 x g for 20 min. The cells were lysed in
LEW buffer (50 mM NaH,PO,, 300 mM NaCl, pH 7.8) by sonication (15-sec bursts, 10 times, with a
15-sec cooling period between each burst). Lysed extract was separated from cell debris by
centrifugation at 10,000 x g for 30 min, and then the supernatant was filtrated (0.22 pm, Millipore).
The filtrate contained the soluble proteins and peptides. To yield the insoluble proteins, the pellet was
further dissolved in 8 M urea. The respective defensin peptide can be enriched by nickel-affinity
chromatography due to a His-tag. Protino Ni-TED 2000-packed columns (Macherey-Nagel, Diiren,
Germany) were used for the affinity chromatographic purification of the defensin peptide. A column
was equilibrated with 8 ml of LEW buffer and then allowed to drain by gravitation. The soluble
fraction of cellular proteins was subjected to nickel-affinity chromatography and the His-tagged
peptide was eluted with 9 ml of elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole,
pH 7.8). Desalination was performed by dialysis with H,O at 4 °C for 9 h. During this time, water was
changed two times and then samples were concentrated with Spectra Absorbent (Spectrum
Laboratories, Inc., Rancho Domingouez, California, USA). The Bradford protein assay was used for
subsequent protein quantification (Bradford, 1976).
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Antimicrobial activity tests

Cellular soluble HisMHBD2 was prepared by isolation via nickel-affinity chromatography for activity
tests as explained above. For preparation of the secreted YebF-proteins after induction at 37 °C for 4
h, cells were removed by centrifugation at 6,000 x g for 20 min and the supernatant was sterile
filtrated (0.22 pm, Millipore) in order to obtain the secreted proteins in the cell-free supernatant.
Afterwards, dialysis, concentration, and protein quantification were performed as described before.

Antimicrobial activity of cellular soluble HisMHBD?2 and secreted YebFMHBD2 was tested by radial
diffusion assays (Lehrer et al, 1991) with E. coli K-12 MG1655, Salmonella enterica serovar
Typhimurium SL1344 and Listeria monocytogenes EGD as indicator strains. For radial diffusion
assays, bacteria were grown at 37 °C for 18 h in 5 ml of TSB broth (Difco, Lawrence, Kansas, USA).
To obtain mid-logarithmic phase bacteria, 5 pl (E. coli K-12 MG1655 and Salmonella enterica serovar
Typhimurium SL1344) or 50 ul (Listeria monocytogenes) of the overnight cultures were used to
inoculate 5 ml fresh TSB and incubated for an additional 2.5 h at 37 °C. The bacteria were centrifuged
at 900 x g and 4 °C for 10 min, washed once with cold 10 mM sodium phosphate buffer, pH 7.4, and
resuspended in 2.5 ml of cold 10 mM sodium phosphate buffer. An aliquot containing 4x10° bacterial
cells was added to 10 ml of previously autoclaved and warm (42 °C) 10 mM sodium phosphate buffer
containing 1 % TSB medium and 1 % low-electroendosmosis-type agarose. The agar was poured into
a petri dish and allowed to solidify. Thereafter, a sterile glass pipette (5 mm diameter) was used to
create wells in the agar. After adding samples to each well, the plates were incubated at 37 °C for 4 h
and then were overlaid with 10 ml of sterile agar, maintained in liquid state by keeping at 42 °C. The
overlay agar consisted of a double-strength (6 % w/v) solution of TSB and 1 % agarose. After
incubation at 37 °C for 18 h, the inhibition zones surrounding the wells were detected.

Moreover, bioactivity of secreted mature fusion HBD2 was tested in liquid culture. In detail, 2.5 pg of
total proteins from the cell-free supernatant were added to log-phase E. coli K-12 MG1655 @ao’
cfu/ml). Each test mixture had a volume of 300 pl and contained secreted proteins/peptides and
bacteria in 10 mM sodium phosphate buffer, pH 7.4, and 1 % TSB medium. After mixing all
components in the samples, a 100 ul aliquot of each sample was withdrawn for analysis of initial
values (time point zero). The residual 200 pl of the samples were incubated at 37 °C for 4 h. All
samples were serially diluted and aliquots of 100 ul were spread on LB agar plates. The plates were
incubated at 37 °C for 18 h and then the number of colonies was counted.
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RESULTS

Codon optimization of human B-defensin 2 and human a-defensin 5 genes for expression in
Escherichia coli

Differences in codon usage between species can affect the quantity and quality of the proteins
expressed by recombinant techniques. Therefore, codons in the cDNA of human B-defensin 2 (HBD2)
and human a-defensin 5 (HDS) were analyzed for rarely occurring codons.

HBD2 (GeneBank accession No AF040153) consists of 64 amino acids, 27 amino acids (42.2 %) of
which are encoded by rarely used codons in E. coli. Moreover, 6 codons (coding for R2, 113, 125, 137,
R45 and R46) play important roles in adverse effects on heterogeneous protein expression in E. coli
(Kane, 1995). Particularly, R2, R45 and R46 are encoded by the least used codons (AGG and AGA)
among the minor codons in E. coli (Fig. 1). The presence of single AGG or AGA and tandem repeats
of them were discovered to dramatically reduce the maximum level of protein synthesis and may also
cause frameshifts with high frequency (Spanjaard et al., 1990).

HDS (GeneBank accession No M97925) consists of 94 amino acids with 29 amino acids (30.9 %)
encoded by low-usage codons in E. coli. Among these 29 amino acids, 6 amino acids are encoded by
codons (coding for R2, R25, R55, R62, R68 and R90) which may cause adverse effects on protein
expression in E. coli (Fig. 1).

In order to avoid the potential problems of these rare codons on HBD2 and HDS5 expression in E. coli,
corresponding new genes, nHBD2 (EMBL HES83189) and nHDS (EMBL HES583188) (Fig. 1), were
designed where the rarely used codons were replaced by frequently used ones, according to the codon
usage table of E. coli (http://www kazusa.or jp/codon/). To increase the translation termination signal
in E. coli, the original stop codon TGA was replaced by two stop codons in series, TAATGA, which is
the most efficient translational termination sequence in E. coli (Hannig and Makrides, 1998).

Construction of recombinant plasmids for the expression of defensins

Plasmid vector pET-28a(+) (Novagen) (Fig. 2), which encodes two His-tags and allows expression of
genes under the control of the T7 promoter was used for the construction of recombinant plasmids
coding for fusion proteins consisting of an N-terminal His-tag and a defensin. The synthetic full-length
nHBD2-gene or that sequence of the nHBD2-gene encoding the mature part of HBD2 (nMHBD2:
amino acids G24 to P64, Fig. 1A) was ligated with the cleaved pET-28a(+) to construct the expression
plasmids pEAS101 and pEAS102, respectively (Figs. 3, 4). Plasmid pEAS101 harbors the nHBD2-
and pEAS102 encodes the nMHBD2-gene. Both genes were under the control of the T7 promoter and
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each of the resulting defensins (HisHBD, HisMHBD?2) contained an N-terminal His-tag. Plasmids
pEAS103 and pEAS104 were constructed in order to express both the proform of HD5 and the mature
part of HDS (nMHDS5: amino acids A63 to R94, Fig. 1B). Again, the resulting defensins contained an
N-terminal His-tag. The gene product encoded by pEAS103 was HisHDS, and the one encoded by
pEAS104 was HisMHDS (Figs. 5, 6).

Expression of HBD2 and HDS5 fusion proteins in Escherichia coli

Western blot analysis of whole cellular proteins of the induced recombinant strains ECN100, EcN101,
and EcN102 was performed with anti-HBD2 rabbit polyclonal antiserum, for detection of HisHBD2
and HisMHBD?2 expression. After cell lysis, also soluble and insoluble protein fractions were screened
by Western blot analysis with HBD2 rabbit polyclonal antiserum. The negative control, EcN100, was
always treated like EcN101 and EcN102, with respect to growth, induction, sample preparation, SDS-
Page and Western blot.

HisHBD2 expression was assayed at several time points after induction at 37 °C, because in the
clinical setting, after oral administration of the defensin-producing EcN strain, defensin expression
should take place in the human gut at the physiological body temperature. However, HisHBD2 was
not detected after induction at 37 °C at any time (data not shown). HisHBD2 was observed after
induction at 20 °C for 6 h and present in the insoluble pellet of whole cell proteins (Fig. 7). In contrast,
affer induction of HisMHBD2 expression at 37 °C for 1 h and 2 h, HisMHBD2 was detected in the
supernatant (soluble protein fraction) as well as in the pellet (insoluble protein fraction) after cell lysis
(Fig. 8). No defensin peptide was detected in corresponding samples of the negative control (EcN100).

Expression of HisHD5 and HisMHD5 in EcN103 and EcN104 was screened by Western blot with
HDS5-specific rabbit polyclonal antiserum of whole cell proteins and soluble as well as insoluble
protein fractions.

HisHD5 was detected after induction at 37 °C for 4 h, however, it was present in the insoluble fraction
of total cellular proteins (Fig. 9). HisMHD5 was detected as well, but only a very low amount of
HisMHDS5 was produced after induction at 37 °C for 1 h and 2 h (Fig. 10). HisMHDS was not
detectable at all after induction at 37 °C for more than 2 h in the presence of the protease inhibitor
cocktail (data not shown).

Isolation by nickel-affinity chromatography and antimicrobial activity of HisMHBD2

HisMHBD2 fusion protein expressed in EcCN103 was eluted from Ni-column and subsequently dialysis
and protein quantification were performed as described in Materials and Methods. The resulting
material was used for antimicrobial activity tests. Ni-column eluates from EcN100 samples (negative
controls) were treated like eluates from HisMHBD2 samples. Antimicrobial activity of eluted
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proteins/peptides was evaluated by radial diffusion assays employing E. coli K-12 MGI1655,
Salmonella enterica serovar Typhimurium SL1344 and Listeria monocytogenes EGD as indicator
strains.

Inhibition zones could be detected with eluted proteins from strain EcN102 encoding HisMHBD2 (the
positive control), while the negative control (eluted proteins from EcN100) did not show any
antimicrobial effect (Fig. 11).

Insoluble HisHBD2 from EcN101 and HisHDS encoded by EcN103 were examined for bioactivity
after the refolding procedure using “Protein Refolding kit” (Novagen), however, these protein
fractions did not show any activity. HisSMHDS5 from EcN104 was expressed at a very low yield.
Therefore, it was not possible to obtain enough material to get a solution of comparable concentration
for activity tests.

Secretion of a MHBD2 fusion protein by recombinant E. coli strains

E. coli protein YebF (10.8 kDa) is a soluble endogenous protein secreted into the medium and it is
used as a carrier for transgenic proteins (Zhang et al., 2006). It has been shown that passenger proteins
linked to the carboxyl end of YebF are efficiently secreted by the respective recombinant E. coli K-12
strain. Therefore, the inventors decided to design a fusion protein consisting of the mature part of
HBD2 fused to the C-terminus of YebF in order to achieve secretion of the resulting fusion protein
YebFMHBD?2 by the respective recombinant E. coli strains (Figs. 12, 14). EcN105 harboring plasmids
pAR1219 and pEAS105 encoding only yebF (NCBI (B1847)) was used as the negative control and
was treated as the recombinant strain encoding a defensin gene (Fig. 13).

Secretion of YebFMHBD2 was tested by analysis of whole cellular proteins and cell-free supernatant
samples of induced EcN105 and EcN106 by Western blot. Since the presence of the fusion protein in
the culture medium could be a result of the achieved secretion via YebF, cell lysis, leakage through the
outer membrane, a natural cell secretion process, or some combination thereof, the inventors analyzed
cells and growth medium by Western blot analysis, not only with anti-HBD2 rabbit polyclonal
antiserum, but also with a monoclonal antibody specific for the cytoplasmic B-galactosidase and with a
rabbit polyclonal antiserum specific for the periplasmic maltose-binding protein (MBP) (Fig. 15).

YebFMHBD2 was found in the cell-free supernatant after centrifugation and sterile filtration of
induced EcN106 cultures, in contrast to EcN105 cultures. Fig. 15 shows the accumulation of
YebFMHBD? in the medium during induction. In the cell-free supernatant, YebFMHBD2 was clearly
detected at 2 h and 4 h after induction. After induction for 20 h, most of YebFMHBD?2 was present in
the medium. In samples representing the bacterial cells, B-galactosidase, MBP and HBD2 were readily
detected. B-galactosidase, however, was not observed in the medium at all at any time point analyzed.
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MBP was not detected in the medium at 1.5 h after induction. A trace amount of MBP was detected in
the medium at 3 h and 6 h after induction, which indicates the beginning of some inevitable cell lysis.

Moreover, the location of synthesized YebFMHBD2 from EcN106 was compared with the location of
HisMHBD?2 from EcN102 by Western blot analysis (Fig. 16). YebFMHBD?2 was detected in bacterial
cells and in the culture medium, whereas HisMHBD?2 was present only in the fraction representing
total cellular proteins and not in the cell-free supernatant (i.e. culture medium). The fusion defensins
were observed to migrate slower than expected from their theoretical molecular mass (HisMHBD2:
8.2 kDa, YebFMHBD?2: 17.3 kDa, secreted YebFMHBD2: 15.1 kDa) in Western blot analysis (Fig.
16). Small peptides often fail to follow the standard relationship between mass and mobility in SDS-
PAGE (Faurschou et al., 2005; Huang and Matthews, 1990; Weber et al., 1972). Moreover, secreted
YebFMHBD?2 from the spent culture medium (Fig. 16. Lane 6) was detected as a smaller protein than
YebFMHBD2 from the cellular protein pool (Fig. 16. Lane 5), because YebF is cleaved after the 21-
amino acid sec-leader (Zhang et al., 2006) during the secretion process. These results demonstrate
YebFMHBD?2 to be secreted into the medium and not just being released by cell lysis.

Antimicrobial activity of the secreted YebFMHBD2 fusion protein

Firstly, YebFMHBD2 encoded by EcN106 was tested for antimicrobial activity by radial diffusion
assays. However, inhibition zones were already observed with the negative control, secreted proteins
from EcN105. The reason could be that EcN produces and secretes the two microcins M and H47

(Patzer et al., 2003).

Therefore, to test for antimicrobial activity of the secreted YebFMHBD2 protein, supernatants of the
microcin-negative isogenic SK22D strain harboring pAR1219 and pEAS106 were employed. Cell-free
supernatants of induced cultures from SK22D105 and SK22D106 were obtained by centrifugation and
sterile filtration. Before antimicrobial tests by radial diffusion assays and killing assays in liquid
medium were performed, the respective cell-free supernatant was dialyzed and concentrated.

Only supernatant from SK22D106 showed killing of E. coli K-12 MG1655, Salmonella enterica
serovar Typhimurium SL1344, and Listeria monocytogenes EGD in radial diffusion assays (Fig. 17).
The same supernatant caused growth inhibition of E. coli K-12 MG1655 in liquid culture (Fig. 18).
Since the killing assay in liquid culture was performed in the presence of only 1 % TSB medium , E.
coli K-12 MG1655 growth was also reduced in the presence of the negative control (secreted proteins
from SK22D105) after 4 h incubation.
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DISCUSSION

This invention discloses a microbial delivery vector for defensins using a well-known probiotic E. coli
strain, E. coli Nissle 1917 (EcN) (Sonnenborn and Schulze, 2009). The inventors have chosen EcN
because this probiotic has an excellent biosafety profile and is used in medical practice since 1917.
Moreover, it is marketed as a licensed drug in 8 European countries as well as overseas (in Iran,
Lebanon, Peru and South Korea).

To achieve expression of small cationic peptides with antibacterial activity in bacteria, two major
barriers must be overcome. These include the potential ability of the cationic peptides to kill the
producing strain and the susceptibility of the cationic peptides to proteolytic degradation. Piers and
coworkers found that they could overcome such barriers by using a fusion protein expression system
(Piers et al., 1993). Therefore, the inventors made use of the low copy number vector, pET-28a(+)
expression vector, for cloning defensin genes. The defensin gene was ligated in this vector in a way
that gives rise to a fusion gene encoding a protein consisting of an N-terminal peptide harboring a His-
tag and the defensin. In addition, the cloning of the respective defensin gene was performed in a way
that allowed the expression of the fusion gene under the control of the phil0 T7-polymerase-specific
promoter. Expression was detectable after induction of T7 DNA-dependent RNA-polymerase
synthesis. The T7 polymerase gene, the expression of which is IPTG-inducible, was provided by
plasmid pAR1219. Both plasmids, pAR1219 and the recombinant pET-28a(+), were introduced into
EcN. To. reduce the risk of killing the producer strain of the His-tagged defensin, induction of
expression was performed in Turbo medium containing 86 mM NaCl. As reported by Xu and
colleagues (Xu et al., 2006), this concentration of NaCl led to the survival of 80 % of an E. coli D31
culture producing HBD2, in contrast to only 40 % survival in a culture without NaCl. In our hands,
these measures helped the recombinant EcN strains to grow even during expression of the recombinant

defensins.

Another potential problem, defensin degradation, was avoided by adding a protease inhibitor cocktail
during incubation. A further approach to impede protein degradation in the absence of a protease
inhibitor cocktail is the deletion of genes encoding proteases such as OmpT and Lon in EcN to
construct a suitable strain for protein expression comparable to E. coli K-12 strains BL21 (DE3) and
KRX (Derbise et al., 2003). This will be part of the ongoing work to optimize defensin production by
EcN.

In this study, the first defensin to be cloned and produced in EcN was human a-defensin 5 (HDS),
which together with human a-defensin 6 is specifically reduced in small intestinal Crohn’s disease
(Wehkamp and Stange, 2010). The inventors have chosen HDS because it is encoded as an inactive
proform and production of the inactive proform of HD5 should not affect viability of EcN. The other
defensin selected for production by EcN was HBD2. This defensin is induced in Caco-2 cells by EcN
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via its flagellin, and its induction in Crohn’s colitis is typically impaired (Schlee et al. 2007,
Gersemann et al. 2008).

However, efficient expression of defensin genes in E. coli is not achieved with the original DNA
sequence, because of different codon usage in humans and in E. coli. Therefore, the defensin genes to
be cloned were optimized for expression in E. coli. It was shown that codon optimization can
significantly improve the expression level. About nine-fold improvement of cellular soluble HBD2
expression was observed by optimizing the HBD2 gene with E. coli-preferred codons, as reported by
Peng and co-workers (Peng et al., 2004). Therefore, two new sequences encoding human B-defensin 2
(nHBD2) and human o-defensin 5 (nHDS) were synthesized with the codon-preference of E. coli.
Western blots demonstrated successful expression of HBD2 and HDS as fusion proteins with a His-tag
at the N-terminus in probiotic EcN under the control of the T7 promoter. The recombinant EcN strains
harbored the recombinant plasmid pET-28a(+) and the T7-polymerase encoding plasmid pAR1219.
The full-length HBD2 fusion protein (HisHBD2) was mainly present in the insoluble protein fraction,
but the fusion protein containing the mature part of HBD2 fusion protein (HisMHBD2) was expressed
in the soluble and insoluble protein fractions. This is in accordance with an earlier study showing
mature HBD?2 without signal peptide to have a higher solubility than full-length HBD2 (Xu et al,,
2006). This is the consequence of the presence of the signal peptide being rich in hydrophobic amino
acids (78.3%) in comparison with the mature part of HBD2 (34.1%). The high hydrophobicity of the
signal peptide resulted in lower solubility of the HisHBD2 protein, because the exposure of the
hydrophobic part might induce aggregation. The signal peptide might also reduce the folding rate or
accuracy of disulfide bonds in that part of the molecule representing mature HBD2.

The proform of the HDS fusion protein (HisHDS5), consisting, besides the part of the fusion partner
with the His tag of the HD5 signal sequence, of the propiece and of the piece representing the mature
HDS5, was found only in the insoluble protein fraction without showing bioactivity. Only very low
amounts of the fusion protein with the mature HD5 (HisMHDS) could be detected in EcN. Since the
signal peptide of HDS also contains a high percentage of hydrophobic amino acids (78.9 %), this
might be the cause for the insolubility of HisHD5. Production of the recombinant mature forms of a-
defensins is considered challenging, since the presence of an anionic pre-piece is believed to be
important for the inhibition of cytotoxicity of the cationic peptides (Valore et al., 1996). It was
reported that the expression of several human a-defensins (hNP-1, hNP-2, hNP-3, hD-5 and hD-6) in
bacteria as mature fusion defensins containing a portion of the tryptophan operon of E. coli including a
His-tag (111 AA) did not result in soluble proteins, because they were mainly found in inclusion
bodies (Pazgier and Lubkowski, 2006). Moreover, a-defensins could be produced only with low yields
by engineered bacterial systems, and a-defensins were sensitive to rapid degradation by bacterial
proteases (Piers et al., 1993; Valore and Ganz, 1997). Up to now, successful expression of human a-
defensins in soluble and active form in E. coli has not been reported.

In contrast, in this invention mature fusion HBD2 (HisMHBD2) was produced in a soluble form. It is
well-known that soluble recombinant proteins are often correctly folded and are usually bioactive
(Sorensen and Mortensen, 2005). Therefore, the heterologous expression in bacteria resulting in a
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soluble protein is very attractive. In fact, the soluble HisMHBD2 obtained in this invention showed
antimicrobial activity in radial diffusion assays against E. coli K-12 MG1655, Salmonella enterica
serovar Typhimurium SL1344 and Listeria monocytogenes EGD. According to the antimicrobial
mechanism of action of defensins, cationic parts of the peptides are capable of interacting with
negatively charged structures of the bacterial membrane and then lead to its permeabilization (Ganz,
1999; Peschel, 2002). HisMHBD?2 is cationic containing the fusion partner (theoretical pl 9.50),
therefore, even the fusion protein HisMHBD2 seems to be able to interact with the cell membranes of
microbes. However, as other modes of defensin action are discussed, the inventors cannot exclude
other mechanisms of antimicrobial activity exhibited by HisMHBD2 (Yount et al., 2009).

Although leakage or lysis of EcN bacteria in the human gut might occur and could be sufficient to
release HBD2 in significant amounts, the inventors constructed a recombinant EcN strain encoding a
fusion protein consisting of YebF and the mature part of HBD2, in order to achieve secretion of the
YebFMHBD?2 product. The carrier protein YebF was used as the fusion partner since *“passenger”
proteins linked to the C-terminus of YebF were reported to be efficiently secreted from E. coli K-12
strains (Zhang et al., 2006). As expected, secretion of YebFMHBD?2 from recombinant EcN strains
could be demonstrated, and the inventors could show that the appearance of this fusion protein in the
cell-free supernatant was not due to cell lysis at early time points. Occurrence of cell leakage/lysis was
checked by Western blots specific for the cytoplasmic B-galactosidase and the periplasmic maltose-
binding protein in samples from bacterial cell extracts and samples from the cell-free culture
supernatants. The results obtained with YebF resembled closely those reported in the publication by
Zhang and colleagues (Zhang et al., 2006). They compared the release of YebF and maltose-binding
protein (MBP). In their study, YebF was present in the culture medium at 1.5 h and 3 h after induction,
whereas MBP was not present in the medium at 1.5 h and was hardly detected in the medium at 3 h
after induction. After induction for 6 h, MBP was primarily localized in the cellular fraction, although
some leakage into the culture medium was observed. In contrast, YebF was almost entirely present in
the culture medium at 6 h after induction. The authors believed that these data support YebF to be
secreted rather than leaking across the outer membrane. The inventors achieved comparable results for
the location of MBP. Moreover, the inventors observed that YebFMHBD?2 was present in the culture
medium at 2 h and 4 h after induction, and its main amount was present in the medium at 20 h after
induction. In addition, the location of cytoplasmic B-galactosidase protein was analyzed in our study,
and this protein was only detected in the cell fraction but not in the medium. Moreover, in comparison
to the location of YebFMHBD2, HisMHBD2 was only present in the cells at 2 hrs after induction,
whereas YebFMHBD?2 was present at this time point in the cells and in the medium as well. These
results demonstrated that fusion of MHBD?2 to the C-terminus of YebF led to efficient secretion of the
fusion protein from the producing bacterial cells.

Zhang and colleagues found that by using YebF, e.g. as YebF-hIL2 (human interleukin-2, 15 kDa,
very hydrophobic), YebF-a-amylase (a-amylase, 48 kDa, hydrophilic), and YebF-alkaline
phosphatase (94 kDa), YebF could carry these fusion proteins in their active states out of the
producing bacterial cell and into the medium (Zhang et al., 2006). These data indicate that YebF has
the ability to carry proteins of varying size and hydrophobicity/hydrophilicity from the cytoplasm of
E. coli cells into the medium. Interestingly, cell-free supernatant samples from bacterial cultures
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expressing YebFMHBD?2 had antimicrobial activity. Such samples, in contrast to control samples of
cultures expressing only YebF, inhibited growth of the Gram-negative strains E. coli K-12 MG1655
and Salmonella enterica serovar Typhimurium SL1344 as well as of the Gram-positive Listeria
monocytogenes strain EGD. Since YebFMHBD?2 is cationic including the fusion partner (theoretical pl
8.93), the fusion protein YebFMHBD?2 is assumed to interact with negatively charged structures of the
bacterial membrane. Obviously, at least part of the YebFMHBD2 protein becomes folded after
secretion in a way that allows the MHBD2-part to execute its antimicrobial activity. It can be
speculated that MHBD?2 is released from YebFMHBD2 in the human gut by the activity of trypsin, as
was shown for the proteolytic activation of the inactive proHDS5. Trypsin cleaves after arginine and
lysine residues, and two arginine residues are the last two amino acid residues of the YebF-part in
YebFMHBD2. '

In summary, this invention shows the successful construction of recombinant strains of the probiotic
E. coli Nissle 1917 which not only were able to produce HD5 and HBD2 defensins but also produced
antimicrobially active mature HBD2. Furthermore, a microcin-negative ECN mutant harboring plasmid
pEAS106 secreted a fusion protein consisting of YebF and the mature part of HBD2 into the culture
medium, and the secreted fusion protein showed growth inhibition of E. coli, Salmonella and Listeria

monocytogenes.

. In contrast to earlier reports about defensin production in E. coli K-12 strains (Huang et al., 2006;
Pazgier and Lubkowski, 2006; Xu et al., 2006), this invention reports for the first time the production
of active HBD2 defensin in a probiotic E. coli strain (Nissle 1917), which is licensed as a drug for the
treatment of patients suffering from e.g. diarrhea or ulcerative colitis. This probiotic strain is a good
transient colonizer of the human gut as opposed to E. coli K-12 strains which are not able to survive in
the human digestive tract. Furthermore, to our knowledge, this is also the first invention showing not
just production but also secretion of mature HBD2 by an E. coli strain which showed activity against
pathogenic Salmonella and Listeria strains.

These constructs and the results achieved with them laid the foundation for the development of EcN as
a delivery vehicle for defensins to patients suffering from a deficiency of such antimicrobial peptides.
In Crohn’s disease, for example, the induction of defense molecules, such as HBD2, is impaired, in
part due to a genetic defect resulting in reduced amounts of HBD2 in the gut (Wehkamp and Stange,
2006). Therefore, targeted delivery of HBD2 by a recombinant EcN-strain producing this defensin
locally in the gut after oral administration could have a therapeutic effect in Crohn’s disease patients.
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PATENT CLAIMS

1. A recombinant E. coli Nissle 1917 (EcN) cell transformed with a nucleic acid coding for a
defensin protein or a derivative thereof.

2. The recombinant cell of claim 1, wherein the defensin protein is selected from human a- or -
defensin.

3. The recombinant cell of claim 2, wherein the defensin protein is selected from human a-
defensins HNP1-4, human a-defensin 5 (HD5), human a-defensin 6 (HD6), and human B-defensins 1-
6 (HBD 1-6), or from the respective mature form of said proteins.

4. The recombinant cell of one or more of claims 1-3, wherein the defensin protein or derivative
thereof is expressed as a fusion protein, preferably as a fusion protein with a His-tag or with the E. coli
YebF protein.

5. The recombinant cell of one or more of claims 1-4, wherein the nucleic acid coding for the
defensin protein or derivative thereof is adapted for expression in E. coli cells by codon optimization.

6. The recombinant cell of one or more of claims 1-6, wherein the nucleic acid coding for the
defensin protein or derivative thereof is selected from SEQ ID NO: 1, 2 or 3.

7. The recombinant cell of one or more of claims 1-5, wherein the nucleic acid coding for the
defensin protein or derivative thereof is part of an expression vector, which expression vector
additionally contains one or more regulatory sequences.

8. The recombinant cell of claim 7, wherein the expression vector is a plasmid and the regulatbry
sequences comprise the T7 promoter.

9, A pharmaceutical composition comprising recombinant E. coli Nissle 1917 (EcN) cells of one
or more of claims 1-8 and a pharmaceutically acceptable carrier.
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10. A recombinant E. coli Nissle 1917 (EcN) cell of one or more of claims 1-8 for use in the
treatment of Crohn's disease.
1. A method of producing a recombinant E. coli Nissle 1917 (EcN) cell according to one or more

of claims 1-8, comprising the steps of providing a nucleic acid coding for a defensin protein or
derivative thereof and E. coli Nissle 1917 (EcN) cells, and transforming the cells with said nucleic
acid, where the transformed E. coli Nissle 1917 (EcN) cells are capable of expressing a defensin

protein or derivative thereof.

12. The method of claim 11, wherein the nucleic acid is cloned into an expression vector and
introduced into the cell by electroporation.

13. The method of claim 11 or 12, wherein the defensin protein or derivative thereof is expressed
as a fusion protein with an N-terminal His-tag.

14. The method of one or more of claims 11 -13, wherein the defensin protein or derivative
thereof is expressed as a fusion protein with the E. coli YebF protein.
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Fig. 9.
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