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Toll-like receptor ligands are immune-modulatory components linking innate and adaptive immune
responses and are considered to be promising vaccine components. Objective of this study was to inves-
tigate the adjuvant activity of Listeria monocytogenesis-derived TLR5-ligand flagellin A (flaA) genetically
fused to ovalbumin (Ova, major chicken white egg allergen) in a murine in vitro system. Recombinant flaA,
rOva, and a fusion protein of rflaA and rOva (rflaA:Ova) were over-expressed in Escherchia coli and puri-
fied by FPLC. LPS depletion was confirmed by LAL test. TLR5-binding was evaluated by human and murine

;?tﬁ;ﬂg TLR5-transgenic HEK 293 cells. The immune-modulatory effect of rflaA:Ova and rflaA:Ova modified
TLRgs by reduction and alkylation on purified BALB/c bone marrow-derived myeloid (mDC) and plasmacy-

toid dendritic cells (pDC) was investigated by flow cytometry and intracellular cytokine staining (ICS).
Dose-dependent IL-8 secretion from transgenic HEK 293 cells confirmed binding of rflaA and rflaA:Ova
molecules to human and murine TLR5. Recombinant flaA showed similar biological reactivity to TLR5-
ligand fliC derived from Salmonella typhimurium applied as positive control. Compared to rflaA, both
rflaA:Ova preparations induced higher expression of maturation markers (CD40, CD69, CD80, and CD86)
on mDC, whereas only CD69 and CD40 were upregulated on pDC. Moreover, IL-6 and IL-10 production by
mDC was enhanced upon stimulation with rflaA:Ova constructs in comparison to an equimolar mixture
of both proteins whereas pDC did not show secretion of the investigated cytokines. Any immunological
effects of LPS can be excluded by depletion of endotoxins and the lack of IL-10 production upon proteinase
K digestion of rflaA:Ova. In summary, the rflaA:Ova fusion proteins showed an enhanced immune mod-
ulating capacity in comparison to rflaA or the mixture of rflaA and antigen. Since the rflaA:Ova fusion
proteins induce strong IL-10 induction they are considered as potential vaccine candidates to improve
allergen-specific immunotherapy.
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1. Introduction

Onset and maintenance of type I allergies are caused by
exaggerated Ty2-mediated immune responses against otherwise
harmless antigens. Although the mechanism of SIT is not fully

Abbreviations: TLR, Toll-like receptor; Lm, Listeria monocytogenes; wt, wild-
type; mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; SIT, specific
immunotherapy; R/A, reduced and alkylated; LAL, Limulus amebocyte lysate; ICS,
intracellular cytokine staining; BM, bone marrow.
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elucidated, the current concept postulates the induction of periph-
eral tolerance by a shift towards a Ty1-biased immune response,
blocking antibodies, and/or the induction of IL-10 and TGF-
producing CD4*CD25" regulatory Tr1 cells (Akdis et al., 2006a).
Anti-inflammatory cytokines such as TGF-3 and in particular IL-10
mediate tolerance by suppression of Ty2-cell expansion, mast cell
activation and eosinophil function and counter-regulation of IgE
and IgG4 synthesis (Akdis, 2009; Akdis and Akdis, 2009; Holgate
and Polosa, 2008). Currently, conventional specific immunother-
apy (SIT) is based on the application of increasing dosages of crude
allergen extracts over long periods of up to 3-5 years (Bhalla and
Singh, 2004). SIT frequently is not efficient, in particular for treat-
ment of food allergies, and is accompanied by a rather high risk of
adverse reactions. Moreover, due to a long treatment period, SIT is
cost-intensive and inconvenient for the patients. Therefore, usage

Please cite this article in press as: Schiilke, S., et al., Fusion protein of TLR5-ligand and allergen potentiates activation and IL-10 secretion in
murine myeloid DC. Mol. Immunol. (2010), doi:10.1016/j.molimm.2010.07.006



dx.doi.org/10.1016/j.molimm.2010.07.006
dx.doi.org/10.1016/j.molimm.2010.07.006
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:schst@pei.de
dx.doi.org/10.1016/j.molimm.2010.07.006

GModel
MIMM-3518; No.of Pages 10

2 S. Schiilke et al. / Molecular Immunology xxx (2010) XXx—xXX

of adjuvants to induce production of anti-inflammatory cytokines
and/or Ty 1-type cytokines is one strategy to enhance the efficacy,
safety, and convenience of SIT.

Toll-like receptor 5 (TLR5)-ligand flagellin, which is the main
constituent of motility conferring flagella of gram positive and
negative bacteria (Hayashi et al., 2001; Lee et al., 2008), cur-
rently gained attention in clinical studies as an adjuvant for
prophylactic and therapeutic immune modulation in various dis-
eases, e.g. virus infection (Huleatt et al., 2008; McDonald et
al., 2007). Early work by Ben-Yedida and coworkers suggested
that flagellin might strengthen specific immune responses against
exogenous antigens (Ben Yedidia and Arnon, 1998; Ben Yedidia
et al, 1999). Hereby, flagellin serves both as an adjuvant and
a carrier, because of its ability to activate TLR5-expressing cells
which may lead to (i) an enhanced immune response to for-
eign epitopes, (ii) improved immune responses by local mucosal
delivery, and to (iii) express multiple copies of foreign proteins
or epitopes on the polymeric flagellum of transgenic bacteria
(Ben Yedidia and Arnon, 2005). Flagellin has various advantages
as an immuno-adjuvant such as (i) immuno-stimulatory proper-
ties at picomolar doses, (ii) enhancing effect on antigen-specific
IgG and IgA production upon co-administration with the anti-
gen, and (iii) low toxicity (Sierro et al., 2001; McDonald et al.,
2007; Way et al.,, 2004; Lee et al., 2008; Huleatt et al., 2007,
2008).

Recently, flagellin has been considered as adjuvant in vac-
cines for SIT of allergic diseases. In previous preclinical studies a
proof-of-concept for the beneficial effect of flagellin on the sup-
pression of allergicimmune responses has been provided (Lee et al.,
2008). Lee et al. (2008) showed that intranasal co-administration
of V. vulnificus flagellin B and Ova significantly inhibited subse-
quent Ova-induced airway hyperreactivity, airway inflammation,
and Ty2-cytokine production in a mouse model of allergic asthma.
The administration of flagellin plus Ova did not induce detectable
levels of Ova-specific Ty1-responses, suggesting the effect of flag-
ellin was not due to the induction of Tyl-responses. However,
detailed mechanisms of the inhibitory effect of flagellin on the Ty 2-
mediated allergic responses are still unknown. A further strategy
to promote the adjuvant effect of flagellin is to conjugate flagellin
to the target antigen, as the proximity of the TLR-ligand to an anti-
gen could promote the adjuvant effect by simultaneously targeting
effector cells. Thus, a recombinant protein in which a deletion vari-
ant of Salmonella typhimurium flagellin fliC (STFA2) fused to four
tandem copies of the conserved ectodomain of influenza matrix
protein M2 (M2e), induced potent, long-lasting M2e-specific anti-
body responses that were sufficient to protect against otherwise
lethal challenge with influenza A/Puerto Rico/8/34 (Huleatt et
al., 2008). Recently, lamina propria CD11c*CD11b* mouse mDC
were identified to express high levels of TLR5 (Uematsu et al.,
2006, 2008). In line with this, TLR5*CD11c* DC were shown to be
necessary for the adjuvant activity of flagellin-containing fusion
proteins (Bates et al., 2009). Hence, certain DC subsets are likely to
be key players in inducing flagellin-mediated immune responses.
Although the effects of fusion constructs containing flagellin and
antigen in adaptive immunity have been described by using differ-
ent in vivo mouse models, the activation and maturation properties
of fusion proteins on certain DC subsets have not yet been eluci-
dated in detail.

Using Ova as model allergen, we investigated the activation,
maturation, and cytokine production of murine myeloid (mDC) and
plasmacytoid (pDC) by a fusion protein of Lm. flagellin A and rOva,
compared to rflaA plus rOva and rflaA alone. The results indicate
that flagellin-containing fusion constructs are powerful tools to
modulate DC-controlled immune responses and are potential vac-
cine candidates for a variety of different disorders, including type I
allergic diseases.

2. Methods
2.1. cDNA alignment of flagellin sequences

Flagellin cDNA sequences of Listeria monocytogenes flaA (NCBI
Acc. No.: NC003210), S. typhimurium fliC (NCBI Acc. No.:
NC.003197), and a modified fliC, STFA2, (Huleatt et al., 2007,
2008) were aligned using clustalW2 (www.ebi.ac.uk). The result-
ing output file was formatted using Genedoc (http://www.psc.
edu/biomed/genedoc).

2.2. c¢DNA cloning of flagellin flaA, Ova and flaA:Ova fusion
protein

Flagellin and Ova cDNA were amplified via PCR using a syn-
thetic gene (Genearts, Regensburg, Germany) encoding for Lm. flaA
(Acc. No.: NC_.003210, for: 5'-catatgaaagtaaatactaatatcattagcttgaa-
aacacaagaatatc-3/,rev: 5'-ctcgagttagctgttaattaattgag-3’) and a plas-
mid encoding Ova (Acc. No.: NM205152, for: 5'-tatatatacatatgatgg-
gctccatcggege-3/, rev: 5'-tatatatactcgagtcattaaggggaaacacatctgee-
3’) as templates. For the generation of the rflaA:Ova fusion
protein ¢cDNA of both proteins was elongated by PCR result-
ing in a 3’-elongated flaA cDNA (for: 5'-catatgaaagtaaatactaa-
tatcattagcttgaaaacacaagaatatc-3/, rev: 5'-gctgcgecgatggageccatge-
tgttaattaattgagtt-3’) and 5'-elongated Ova cDNA (for: 5'-aactcaatt-
aattaacagcatgggctccatcggegeage-3/, rev: 5'-ctcgagtcattaaggggaaa-
cacatctgcc-3’). Using the overlapping regions, the two elon-
gated PCR-products were fused in an assembly PCR (for:
5’-catatgaaagtaaatactaatatcattagcttgaaaacacaagaatatc-3/, rev: 5'-
ctcgagtcattaaggggaaacacatctgec-3') using the diluted and unpuri-
fied PCR-products of the initial PCR-reactions as templates. All
constructs were cloned into pET15b (Novagen, Darmstadt, Ger-
many) and transformed into BL21 Star DE3 cells (Invitrogen,
Karlsruhe, Germany). cDNA sequences were verified via bidirec-
tional Sanger sequencing.

2.3. Over-expression and purification of target proteins

For protein expression, 1.81 of standard LB-medium supple-
mented with 0.5 ml Antifoam B Emulsion (Sigma-Aldrich, Munich,
Germany) and 50mg/l Carbenicillin (Roth, Karlsruhe, Germany)
were inoculated with approximately 100 ml over night culture.
Protein expression was induced by addition of isopropyl (-
D-1-thiogalactopyranoside (IPTG) (0.75 to 1 mM, Fermentas, St.
Leon-Rot, Germany) at ODggg =0.5. After incubation for 5-6.5h
(37°C, 220 rpm) cells were harvested by centrifugation (7.500 x g,
10 min) and resuspended in 100 ml 50 mM phosphate buffer (pH
8) supplemented with 0.5 M NaCl, 2 mM EDTA (Titriplex III; Merck,
Darmstadt, Germany), and 0.5 mg/ml Lysozyme (Boehringer, Ingel-
heim, Germany) (rflaA and rOva), or 50 ml 20 mM Tris (pH 8.5)
plus 0.2 M NaCl and 1 tablet Protease Inhibitor (Roche, Grenzach-
Wyhlen, Germany) (rflaA:Ova). After incubation for 15 min at room
temperature cell suspensions were treated with 0.2-0.4% Triton X-
100 (Sigma Aldrich) and 2 U benzonase/ml (Novagen) for 30 min at
room temperature. MgCl, (4 mM) was added to rflaA and rflaA:Ova
preparations. Cell lysis was performed by sonication and repeated
freezing and thawing in liquid N,. Inclusion bodies were washed
twice with 150ml phosphate buffer (50 mM, pH 8) plus 0.5M
NacCl and solubilized with 200 ml phosphate buffer (50 mM, pH 8)
supplemented with 0.5M NaCl and 6 M urea (rflaA), or washed
twice with 120ml Tris (20mM pH 7.5) plus 10 mM EDTA and
1% Triton X-100 (rflaA:Ova). The solubilization of rflaA:Ova was
performed with 125ml CAPS (pH 11) supplemented with 0.3%
(w:w) sarcosyl lauryl sulfate (SLS, Novagen) and 1 mM DTT. To
deplete detergents and achieve solubility the Protein Refolding Kit
(Novagen) was used according to the manufacturer’s recommen-
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dations. Insoluble constituents were removed via centrifugation
(27.000 x g, 20 min). rOva was prepared from cell lysate under
native conditions. Solubilized proteins were subjected to filtration
(0.2 pm).

After addition of 20 mM imidazole the clarified cell lysate was
applied either on a XK16 column (Amersham, Freiburg, Germany)
loaded with 18 ml nickel nitrilotriacetic acid (Ni-NTA) agarose (Qia-
gen, Hilden, Germany) (rflaA) or on a 5 ml HisTrap FF crude column
(GE Healthcare, Freiburg, Germany) (rOva and rflaA:Ova). After
washing with 5 CV of 50 mM phosphate buffer (0.5 M NacCl, 20 mM
imidazole, pH 8) the proteins were eluted by 50 mM phosphate
buffer (0.5M NacCl, pH 8) supplemented with 100 mM imidazole
(rOva) or by a linear gradient of 0-500 mM imidazole (rflaA:Ova).
Recombinant flaA was refolded on the column with a linear gradi-
ent from 6 to OM urea (over 90 min with a flow rate of 3 ml/min)
and subsequently eluted by a stepwise gradient with 150, 300,
and 500 mM imidazole in 50 mM phosphate buffer (0.5M NacCl,
pH 8). Fractions containing the target protein were pooled and fil-
tered through a 0.2 pm syringe filter (Minisart, Munich, Germany).
In order to improve protein purity and remove endotoxins a size
exclusion chromatography with a HiLoad™ XK16/60 Superdex™
200 prep grade (Amersham) was performed. Running buffers were
20 mM 3-(N-morpholino)propanesulfonic acid (MOPS, 0.5 M Nacl,
pH 7.4) for rflaA and rOva and PBS (350 mM NacCl and 0.04% SLS,
pH 7.1) for rflaA:Ova. The purified proteins were stored at —20°C
(rflaA and rOva) or at 4°C (rflaA:Ova). Protein quantification was
performed using the BCA Protein Assay Kit (Thermo Scientific,
Rockford, USA).

2.4. Reduction and alkylation of rflaA:Ova

For reduction and alkylation (R/A) approximately 30mg
rflaA:Ova were taken up in 30 ml 200 mM Tris-HCI, 8 M urea, and
450 mM DTT and incubated at 45 °C for 1 h. Subsequently, 500 mM
iodacetamide was added and the reaction was incubated for 20 min
at room temperature in the dark. Reduced and alkylated rflaA:Ova
(rflaA:Ova R/A) was extensively dialyzed against PBS.

2.5. LAL test

Endotoxin concentration was determined via chromogenic
Limulus amebocyte lysate (LAL) test according to the manufactur-
ers’ instruction (Charles River PTS LAL, Sulzfeld, Germany).

2.6. SDS-PAGE

Recombinant proteins were analyzed by SDS-PAGE accord-
ing to the method described by Laemmli (cross linker C=5%,
total bis/acrylamid 15%) (Laemmli, 1970) under reducing or non-
reducing conditions. Protein amounts used were 5 pg/slot.

2.7. Circular dichroism spectroscopy

Purified proteins were adjusted to a concentration of 200 p.g/ml
and dialyzed against 10 mM phosphate buffer. Circular dichroism
(CD) spectra were recorded using a JASCO J-810 spectropolarime-
ter (Jasco, Gross-Umstadt, Germany) with constant N, flushing at
20°C. Measurements were performed in a quartz glass cuvette
(1mm) with a step width of 1nm and a band width of 1nm.
The spectral range was 180-260 nm at 50 nm/min. Ten scans were
accumulated, spectra obtained with buffer were subtracted. The
results were expressed as mean residue molar ellipticity [H]vrp
and served as indication for formation of secondary structure ele-
ments.

2.8. Proteolytic digestion of rflaA:Ova

To exclude immunological effects of residual LPS-
contaminations contained in rflaA:Ova, rflaA:Ova was digested
over night using proteinase K (7.5mAu/mg protein, Merck,
Darmstadt, Germany).

2.9. TLR5-activation assay

HEK 293 cell lines stably transfected with murine or human
TLR5 (InvivoGen, Toulouse, France) were cultured in DMEM
(Biochrome, Berlin, Germany) containing 10% FBS (Biochrome,
Berlin, Germany), L-glutamine (0.15 mg/ml), penicillin (100 U/ml),
streptomycin (100 wg/ml), and blasticidin (10 pg/ml) (InvivoGen).
Wild-type HEK 293 cells were cultured without blasticidin as indi-
cated above. For TLR5-activation assays, 4 x 10% cells/well were
seeded in 48-well plates and cultured in DMEM containing 2% FBS,
L-glutamine, penicillin, and streptomycin over night. Cells were
stimulated for 22 h with rflaA, rOva, rflaA:Ova or rflaA:Ova R/A,
and S. typhimurium flagellin fliC as positive control. Subsequently,
human IL-8 secreted in the supernatant was quantified by ELISA.

2.10. Mice

BALB/c mice (Jackson Laboratories, Bar Harbor, Maine, USA),
bred at the animal facility of the Paul-Ehrlich-Institut, were kept
under specific pathogen free conditions. Mouse experimental work
was carried out using 8-12-week-old mice in compliance with reg-
ulations of German animal welfare.

2.11. Generation and stimulation of bone marrow-derived
dendritic cells

Bone marrow cells (BMCs) were isolated from femur and tibia
of BALB/c mice. After lysis of red blood cells (Sigma Aldrich),
BMCs were seeded in RPMI 1640 (Gibco, Karlsruhe, Germany) sup-
plemented with 10% FCS, 1 mM sodium pyruvate, 10 mM HEPES,
penicillin (100 U/ml), streptomycin (100 pg/ml), and 0.1 mM 2-
mercaptoethanol. Differentiation of BMCs into mDC and pDC was
achieved by culturing cells for 8 days either with 100 ng/ml GM-CSF
or 100 ng/ml FIt3-L (R&D Systems, Minneapolis, USA), respectively.
GM-CSF containing media was changed every 2 days, and for Flt3-L
cultures once at day 4. 3.2 x 10° cells/ml were stimulated (day 8)
with rflaA (6.9 pg/ml), rOva (10 pg/ml), rflaA (6.9 pg/ml) plus rOva
(10 pg/ml), rflaA:Ova (16.9 pg/ml), rflaA:Ova R/A(16.9 pg/ml), and
LPS (10 pg/ml, Sigma Aldrich) for 24h or 72 h, respectively. The
amounts of rflaA:Ova were adjusted to an equimolar ratio of rOva
and rflaA. DC purity was confirmed by flow cytometry according to
Waibler et al. (2007).

2.12. Cytokine ELISAs

HumanIL-8, murine IL-1f3, IL-6,IL-10,and IL-12p70 in the super-
natant were quantified using the BD OptEIA™ ELISA Sets (BD
Biosciences, Heidelberg, Germany). Murine IL-23 was measured
using the Ready-SET-GO! ELISA kit (eBiosciences, San Diego, USA).

2.13. Flow cytometry and intracellular cytokine staining

Co-stimulatory molecules and MHC molecules on the cell sur-
face of DC were stained with FITC-conjugated anti-mouse CD40,
CD80, CD86 or MHC class Il molecule mAbs (eBioscience) or phy-
coerythrin (PE)-conjugated mAbs raised against CD69 and MHC
class I (eBioscience). Additionally, cells were stained with pacific
blue-conjugated anti-mouse CD11b (Invitrogen), allophycocyanin-
conjugated anti-mouse CD11c (BD Bioscience), and PE-Cy5-
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conjugated anti-mouse B220 (BD Bioscience) mAbs to gate on DC
populations. FITC or PE intensity of CD11b*CD11¢*B220~ (mDC)
or CD11b~CD11c*B220* (pDC) cells was measured by FACS using
a LSR II cytometer (BD Bioscience). Intracellular cytokine stain-
ing (ICS) was performed using the Cytofix/Cytoperm kit (BD
Biosciences). ICS was performed after 24 h of stimulation using PE-
conjugated antibodies directed against IL-6 and IL-10, according to
the manufacturer’s recommendations (eBiosciences). Isotype con-
trols for all antibodies were performed. Data were analyzed using
Flow]Jo V.7 (Treestar Inc., Ashland, OR).

2.14. Inhibition of endocytosis

BALB/c mDC (3.2 x 10° cells/ml) were preincubated for 1h
with cytochalasin D (5 wg/ml) and bafilomycin A1 (100 ng/ml)
either provided alone or mixed (Sigma-Aldrich, Munich, Germany).
Subsequently, cells were stimulated with rflaA:Ova (16.9 pg/ml).
Supernatants were collected after 24 h of stimulation and the con-
centration of IL-6 in the supernatant was measured by ELISA.

2.15. Statistical analysis

Comparison between different treatment groups was per-
formed by means of a mixed linear model with fixed factor
treatment group and random factor assay (up to 3 assays with each
two replicates). Confidence intervals for the estimated differences
between treatment groups as well as p-values were adjusted using

the Bonferroni method in order to restrict the overall type I error o
(false positive results i.e. false significant differences) to 5%.

3. Results

3.1. Expression, purification, and characterization of rflaA, rOva,
and rflaA:Ova

The cDNA of natural Lm. flaA encodes for 287 amino acids and
is characterized by a deletion of the middle hypervariable and
most antigenic part (corresponding to fliC amino acids 181-407),
but shows considerable sequence conservation on both N- and C-
terminus with other flagellin genes, e.g. S. typhimurium fliC and
the fliC deletion variant STFA2 (Huleatt et al., 2007). STFA2 was
derived from the fliC sequence by deletion of amino acids 180-426
and inserting a flexible linker sequence (GAPVDPASPW, Fig. 1).

The amount of purified products (Fig. 2a) derived from 41
Escherichia coli culture were 80mg rflaA (30.6kDa), 10 mg rOva
(44 kDa), and 12 mg rflaA:Ova (73.2 kDa). Endotoxin was depleted
by chromatography to 11pg/ng for rflaA, 0.15pg/ug for rOva,
and 2.9 pg/.g for rflaA:Ova. Protein purity was calculated at least
95% for all preparations (Fig. 2b). rflaA:Ova showed slight high
molecular weight oligomerization products, which were abro-
gated by reduction and alkylation (R/A). Formation of secondary
structure elements was analyzed by CD-spectroscopy (Fig. 2c).
All proteins displayed minima at 208 and 220nm, typical for
a-helical structures, indicating the preparation of proteins with
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Fig. 1. Listeria monocytogenes flaA lacks the hypervariable region encoded by fliC. Flagellin amino acid sequences of Listeria monocytogenes flaA (Acc. No.: NC_.003210) and
Salmonella typhimurium fliC (Acc. No.: NC_.003197) and the fliC deletion variant STFA2 were aligned using clustalW2 (available online on www.ebi.ac.uk). Grey color: sequence

identity of 66%; black: sequence identity of 100% between the compared sequences.
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Fig. 2. Purification of recombinant Ova, flaA, and flaA-derived constructs. All proteins were cloned into pET15b, over-expressed in E. coli, and purified via FPLC (A). Purified
and endotoxin depleted proteins were analyzed by SDS-PAGE and Coomassie staining (B); (1) molecular weight marker, (2) rflaA, (3) rOva, (4) rflaA:Ova R/A, and (5) rflaA:Ova.
Circular dichroism (CD) spectra were recorded to determine folding of secondary structure elements (C). Ten scans were accumulated, spectra obtained with buffer were

subtracted. Results were expressed as mean residue molar ellipticity [H]urp.

a considerable amount of secondary structure. CD-spectra of
rflaA:Ova and rflaA:Ova (R/A) were nearly identical and showed
high similarity to the CD-spectrum of rflaA and rOva. These
results showed that reduction and alkylation (R/A) has no impact
on the secondary structure of rflaA (comprising no cysteine
residues). Collectively, we generated highly pure recombinant pro-
teins with secondary structures closely related to the non-fused
proteins.

3.2. TLR5-dependent IL-8 secretion by flaA and rflaA:Ova fusion
proteins

Binding and activation of rflaA and rflaA:Ova to TLR5 was con-
firmed by stimulation of HEK 293 wildtype (wt) and transgenic
cells expressing murine or human TLR5 (Fig. 3). Recombinant flaA
and fliC dose-dependently induced comparable IL-8 secretion in
TLR5 transgenic, but not in wt HEK 293 cells, indicating a simi-
lar TLR5-activation capacity for rflaA and fliC. Moreover, rflaA:Ova
fusion proteins activated HEK 293 cells expressing either human
or murine TLR5. However, compared with equimolar concentra-
tions of rflaA, rflaA:Ova-triggered IL-8 responses were reduced,
but using higher protein concentrations maximal secretion of
IL-8 was comparable for rflaA and both rflaA:Ova preparations.
Neither stimulation with Ova alone nor the stimulation of non-
transfected wt HEK 293 cells induced IL-8 secretion (Ropelewski
et al., 2004).

3.3. mDC are activated upon stimulation with rflaA:Ova

To asses the proteins ability to activate murine DC subsets,
mDC and pDC cultures were stimulated with equimolar amounts
of rflaA, rOva, rflaA plus rOva, rflaA:Ova, rflaA:Ova (R/A) and LPS
and analyzed for surface expression of MHC class I/Il and co-
stimulatory molecules CD40, CD80, CD86, and CD69 which was
previously shown to be upregulated by activated DC (Waibler
et al., 2008; Young et al., 2008). Stimulation with rflaA induced
slight upregulation of CD40 and CD86 on mDC, whereas CD69 and

CD80 remained unaffected (Fig. 4a). Of note, the mixture of rflaA
and rOva did not alter the flaA-induced expression of maturation
and activation markers. Interestingly, stimulation with rflaA:Ova
and rflaA:Ova (R/A) enhanced the expression of the maturation
and activation markers on mDC. Upregulation was strongest for
CD69, intermediate for CD40 and CD86, and less pronounced for
CD80. The expression of CD69, CD80, and CD86 upon stimulation
with rflaA:Ova and LPS, a known inducer of mDC maturation, was
comparable. Flow cytometric analysis revealed the activated cells
(as determined by CD69 upregulation) to be neither CD49b posi-
tive NK cells, CD19 positive B cells nor CD3 positive T cells (data
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Fig. 3. Recombinant flaA and rflaA:Ova are biological active and bind to TLR5.
Murine TLR5 (A) and human (B) TLR5-transgenic HEK 293 cells were stimulated with
rflaA, rfliC, rflaA:Ova, rflaA:Ova R/A, and rOva for 22 h. Activation was measured by
IL-8 secretion. Wt HEK 293 cells were used as controls.
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Grey filled curves: unstimulated; black lines: stimulated as indicated; results represent two independent experiments.
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Fig. 5. rflaA:Ova induces IL-6 and IL-10 secretion from BALB/c mDC. BALB/c mDC were stimulated with LPS, rOva, rflaA, rflaA plus rOva, rflaA:Ova (untreated and R/A) and
levels of IL-6 and IL-10 were detected by ELISA after 24 h and 72 h of stimulation, respectively (A). Results are mean values + SD of three independent experiments. Induction
of IL-6 and IL-10 by CD11b*CD11¢*B220~ mDC was confirmed by intracellular cytokine staining (B). Results are representative data from two independent experiments.
BALB/c mDC were stimulated with rflaA:Ova (17 p.g/ml), corresponding amounts of LPS (49 pg), and proteinase K digested rflaA:Ova (17 pg/ml) (C). IL-10 in the supernatant

was quantified via ELISA.

not shown). Expression of MHC class I and class Il molecules on
mDC were unaffected upon stimulation with all proteins (data not
shown).rOva alone did not influence the activation of mDC. In anal-
ogous experiments using BM-derived pDC, upregulation of CD40
and slight upregulation of CD69 was observed upon stimulation
with either rflaA, rflaA plus rOva or rflaA:Ova while the expres-
sion of CD80 and CD86 was unaffected (Fig. 4b). Thus, rflaA:Ova
fusion proteins matured and activated mDC and to a lesser extend
pDC.

3.4. Modulation of mDC-derived cytokine expression profile by
rflaA:Ova

To study the cytokine production of DC subsets induced by
rflaA:Ova fusion proteins, mDC and pDC preparations were stimu-
lated with all recombinant proteins and LPS (Fig. 5). Both, untreated
rflaA:Ova and rflaA:Ova (R/A) induced the production of IL-1[3 (data
not shown), IL-6, and IL-10 from BALB/c-derived mDC. Only minor
amounts of the pro-inflammatory cytokine IL-12 could be detected
(data not shown). In all experiments, rflaA:Ova induced signif-
icantly higher amounts of IL-6 (>17-fold) and IL-10 (>140-fold)
from mDC than both proteins alone or provided as an equimo-
lar mixture. LPS, applied as positive control, triggered IL-6 and
IL-10 secretion from mDC (Fig. 5a). Production of IL-6 and IL-10
in rflaA:Ova stimulated CD11b*CD11¢*B220~ mDC was confirmed
by ICS (Fig. 5b). In accordance with the results obtained by ELISA,
stimulation with both rflaA:Ova proteins (wt and R/A) induced IL-
6 and IL-10 production in mDC, whereas rflaA and rOva applied
alone or as a mixture did not induce detectable cytokine levels
(Fig. 5b). When stimulating BALB/c pDC with the different con-
structs only minor amounts of IL-6 were produced, whereas LPS
clearly induced IL-6 secretion (data not shown). Moreover, IL-10
production by pDC observed by ELISA upon stimulation with the
fusion protein could not be assigned to CD11b~CD11c¢*B220* pDC

by ICS (data not shown). Therefore, ICS confirmed that rflaA:Ova
proteins induced high amounts of IL-6 and IL-10 from mDC but
not from pDC. In summary, mDC were shown to be the DC-subset
predominantly stimulated by rflaA:Ova.

3.5. 1flaA:Ova mediated effects are independent of LPS

To exclude immunological effects of residual LPS amounts in the
used protein preparations mDC were stimulated with correspond-
ing amounts of LPS (49 pg) and analyzed for cytokine secretion
(Fig. 5c¢). Stimulation of mDC with corresponding LPS amounts
did neither induce upregulation of activation markers (data not
shown), nor detectable IL-6 (data not shown) or IL-10 secretion
(Fig. 5c). Furthermore, rflaA:Ova digested by proteinase K did
not induce IL-10 production by BALB/c mDC (Fig. 5c). Therefore,
cytokine production was shown to be mediated by the fusion pro-
tein and not by residual LPS-contamination.

3.6. Cytokine secretion is induced by high concentrations of flaA

Remarkably, the applied concentration of rflaA (6.9 .g) induced
only slight DC-activation (Fig. 4) and negligible amounts of IL-6
and IL-10 (Fig. 5). Therefore, dose-dependent stimulations of mDC
with equimolar amounts of rflaA and rflaA:Ovaranging from 0.25 to
64 g flaA/ml were performed (Fig. 6). Here rflaA was able to induce
IL-6 and IL-10 cytokine secretion upon stimulation with 32 pg/ml,
although in direct comparison to flaA:Ova approximately 100-fold
higher concentrations had to be applied. To determine the thresh-
old for LPS-induced IL-6 and IL-10 secretion mDC were stimulated
with LPS amounts ranging from 1 pg/ml to 10 p.g/ml. Hereby, IL-6
induction was observed when applying more than 0.1 ng/ml LPS,
whereas IL-10 production was detectable using concentrations of
at least 0.7 ng/ml LPS (Fig. 6).
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Fig.6. Dose-dependent LPS and rflaA induced cytokine secretion. BALB/c mDC were stimulated with LPS (open diamonds), rflaA (open squares), and rflaA:Ova (open triangles).
Levels of IL-6 (A) and IL-10 (B) in the culture supernatant were determined after 24 h by ELISA. Cytokine release curves were normalized to LPS free preparations. Results for
IL-6 are mean values + SD of two independent experiments, whereas results for IL-10 were obtained from one experiment = SD.

3.7. rflaA:Ova induced IL-6 secretion depends on endocytosis

Blocking of both actin-polymerization by cytochalasin D and
lysosomal fusion by bafilomycin A1 decerased IL-6 secretion by
rflaA:Ova stimulated cells, suggesting endocytotic uptake of the
fusion protein to contribute to the observed mDC activation. Note-
worthy, simultaneous administration of both inhibitors enhanced
the effect, whereas DMSO used as solvent had no impact on fusion
protein induced IL-6 secretion. Since stimulation with equimolar
amounts of rflaA alone did not induce cytokine secretion the influ-
ence of cytochalasin D and bafilomycin A1 pretreatment on rflaA
mediated mDC activation could not be tested in this system.

IL-6 [ng/mi]
- - (%] nN w w B - o
o (4] (=] < o (2] o (L] o

rflaA:Ova
DMSO
cytochalasin D
bafilomycin A1

Fig. 7. rflaA:Ova induced IL-6 secretion is endocytosis-dependent. BALB/c mDC
were preincubated with cytochalasin D (5.0 wg/ml) and/or bafilomycin Al
(100 ng/ml) for 1 h. Subsequently, the cells were stimulated rflaA:Ova (16.9 p.g/ml).
The level of IL-6 in the culture supernatant after 24 h was determined by ELISA.
Results are mean values + SD of two independent experiments.

4. Discussion

Bacterial TLR5-agonist flagellin is considered as an immune
modulating adjuvant in various diseases. Proof-of concept has been
provided by mouse in vivo studies (Lee et al., 2008) mainly using
flagellin fliCderived from S. typhimurium (Huleatt et al., 2007, 2008;
McDonald et al., 2007). Since heat-killed Listeria have been shown
to convert an allergen-specific Ty2 response into a Ty1-biased
immune response (Li et al., 2003; Frick et al., 2005; Hansen et al.,
2000; Yeung et al., 1998), which likely is caused by TLR-signaling
(Seki et al., 2002), but not mediated by TLR9- (Frick et al., 2005)
or TLR4-activation (Li et al., 2003), we hypothesize Lm.-derived
flagellin flaA to act as one major component. In comparison to fliC
flaA shows high sequence identity at both the N- and C-terminus,
but lacks the middle hypervariable and major immunogenic region
which was shown to be dispensable for flagellin function (Smith
and Ozinsky, 2002) and thus, has been successfully removed in
the fliC deletion variant STFA2 for vaccine development (Huleatt
et al,, 2007, 2008; McDonald et al., 2007). Using TLR5-transfected
HEK 293 cells we could show that the capacity of rflaA to bind
and activate TLR5 was comparable to fliC. Therefore, Lm.-derived
rflaA likewise can be considered as an adjuvant component for
the development of immune modulating vaccines. Using rOva as a
model allergen, we compared the immune modulating properties
of rflaA co-administrated with rOva in a mixture and arflaA:Ova
fusion protein on murine DC subsets. Of note, rflaA:Ova preserved
its capability to activate TLR5. However, in direct comparison to
rflaA its potency was impaired in the lower concentration ranges.
This effect is likely caused by a partial sterical hindrance of rflaA
receptor binding induced by the fusion to Ova. Moreover, a ten-
dency of rflaA:Ova to aggregate could be abolished by reduction
and alkylation. This modification disrupts inter- and intramolecu-
lar disulfide bonds of rOva, whereas rflaA which does not contain
any cysteine residues remains unaffected. Of note, modified and
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unmodified rflaA:Ova showed similar immunological properties.
Noteworthy, defolding of the antigen is one strategy to design
novel allergen vaccines with reduced IgE-reactivity to minimize
the risk of unwanted IgE-mediated side effects during SIT, whereas
T cell epitopes are preserved (Wiedermann, 2005; de Leon et al.,
2007; Cromwell et al., 2004). Hence, fusion of allergens with low
IgE-binding activity to the TLR5-ligand flagellin could combine the
immune modulating capacities and the increased safety of novel
allergen vaccines.

However, the ability of flagellin to activate DC is controversially
discussed. Means et al. (2003) reported purified bacterial flagellin
to be unable to mature murine splenic DC in vitro due to very
low TLR5 expression determined by qRT-PCR. On the other hand,
Didierlaurent et al. (2004 ) reported monomeric Salmonella flagellin
to induce upregulation of CD40, CD80, and CD86 on splenic DC, sug-
gesting DC-activation. Although rflaA showed a strong induction
of IL-8 in TLR5-transgenic HEK 293 cells, its potency to acti-
vate DC maturation and cytokine secretion is either weak or not
detectable in the applied concentrations (6.9 pg/ml), which have
been adjusted to the molar ratio used for the rflaA fusion proteins.
Although, flagellin itself turned out to be only a weak stimulus
in comparison to LPS, a significant IL-6 and IL-10 induction was
achieved using 10-fold higher flaA concentrations. The results are
in line with Smith et al. (2003) reporting flagellin-mediated IL-10
induction in mice.

In contrast to rflaA or the mixture of rflaA and rOva, we showed
rflaA:Ova to strongly enhance activation of murine DC subsets
and induce a distinct pattern of cytokine production. We observed
direct effects of rflaA:Ova on the activation and maturation of DC
subsets and much higher levels of IL-6 and IL-10 production upon
stimulation of in vitro differentiated mDC in comparison to pDC.
Although both DC subsets express TLR5 mRNA (data not shown)
the immune modulating effects are predominantly attributed to
mDC and less pronounced in pDC.

Results of our in vitro study are in accordance with an in vivo
study showing flagellin:Ova fusion protein to have an increased
adjuvant efficacy over the equimolar mixture (Bates et al., 2009).
The superior immune modulating effect of rflaA:Ova likely is
explained by a combination of antigen-targeting to TLR5* DC and
flagellin induced signaling via TLR5. Hereby, certain biophysical
characteristics of the fusion protein (e.g. in respect to size or
oligomerization state), and probably more important the targeting
of antigen to TLR-expressing cells by conjugation to TLR-ligands
likely enhances antigen uptake, processing, subsequent presenta-
tion, and DC-activation (Khan et al., 2007; Cuadros et al., 2004).
In line with this, a flagellin:EGFP fusion protein was shown to
be efficiently internalized, processed, and presented by mouse
APC (Cuadros et al.,, 2004). BALB/c mice immunized with this
flagellin:EGFP construct developed specific CD4* and CD8* T cell
responses against the otherwise non-immunogenic EGFP (Cuadros
etal., 2004). We observed that inhibition of endocytosis of rflaA:Ova
by cytochalasin D and Bafilomycin A1 suppressed IL-6 secretion by
mDC, indicating internalization into endosomal or lysosomal com-
partments as an important step. These observations suggest that in
addition to targeting TLR5* cells, fusion of flagellin to Ova changes
the proteins biophysical characteristics, which in turn may influ-
ence antigen uptake and processing in DC and therefore the type of
immune response induced.

In addition to IL-6, a strong production of mDC-derived IL-10
was determined upon stimulation with rflaA:Ova, whereas the dif-
ferent constructs did not induce considerable production of IL-12
(data not shown). IL-6 and IL-10 cytokine secretion detected in wt
mice was almost abrogated in mDC-derived from MyD88~/~ mice,
and therefore shown to be dependent on TLR-signaling (data not
shown). Importantly, we can exclude any immunological effects
of residual LPS in our protein preparations. Stimulation of mDC

with increasing amounts of LPS showed that threshold values for
LPS-induced IL-6 and IL-10 production are higher than the residual
LPS amount detected in the used protein preparations. In addition,
any endotoxin-mediated effects can be excluded by proteolytic
digestion of rflaA:Ova not inducing IL-10 secretion. Therefore, we
conclude the observed immune modulating effects to be mediated
exclusively by rflaA:Ova. IL-10 is an anti-inflammatory cytokine
suppressing Ty1 and Ty 2 cytokine production by CD4* T cells (Jutel
etal.,2003; Akdis et al., 2006b; O’Garra et al., 2008). In line with this
IL-10 producing oral and pulmonary dendritic cells are suggested
as potential targets for SIT (Allam et al., 2009) and have been shown
to mediate tolerance (Akbari et al., 2001).

In summary, rflaA:Ova potentiated the immune modulating
properties in comparison to a mixture of both proteins, prob-
ably due to targeting the antigen and adjuvant simultaneously
to antigen presenting cells, resulting in enhanced antigen uptake
and TLR-mediated cell activation. CD11b*CD11c*B220~ mDC were
identified as most important target cells, which were activated
and secreted cytokines IL-6 and IL-10, the latter being a desired
cytokine for allergen-specific immune therapy. Therefore, flag-
ellin fusion proteins are powerful tools to modulate DC-controlled
immune responses and promising vaccine candidates for a variety
of immune disorders, including type I allergic diseases.
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