Accepted Manuscript

Fusion Proteins of Flagellin and the Major Birch Pollen Allergen Bet v 1 show
Enhanced Immunogenicity, Reduced Allergenicity and Intrinsic Adjuvanticity

Claudia Kitzmiller, PhD, Julia Kalser, MSc, Sonja Mutschlechner, PhD, Michael
Hauser, PhD, Gerhard J. Zlabinger, MD, Fatima Ferreira, PhD, Barbara Bohle, PhD

Pll: S0091-6749(17)30678-4
DOI: 10.1016/j.jaci.2017.02.044
Reference: YMAI 12774

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 29 July 2016
Revised Date: 3 February 2017
Accepted Date: 22 February 2017

Please cite this article as: Kitzmiller C, Kalser J, Mutschlechner S, Hauser M, Zlabinger GJ, Ferreira
F, Bohle B, Fusion Proteins of Flagellin and the Major Birch Pollen Allergen Bet v 1 show Enhanced
Immunogenicity, Reduced Allergenicity and Intrinsic Adjuvanticity, Journal of Allergy and Clinical
Immunology (2017), doi: 10.1016/j.jaci.2017.02.044.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jaci.2017.02.044

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Kitzmiuller et al. 1

Fusion proteins of flagellin and the major birch pollen allergen Bet v 1 show

enhanced immunogenicity, reduced allergenicity and intrinsic adjuvanticity

Claudia Kitzmdller', PhD, Julia Kalser', MSc, Sonja Mutschlechner!, PhD, Michael
Hauser®, PhD, Gerhard J. Zlabinger %, MD, Fatima Ferreira®, PhD, and Barbara

Bohle!, PhD

'Christian  Doppler Laboratory for Immunomodulation, Department of
Pathophysiology and Allergy Research, Medical University of Vienna, Vienna,
Austria, %Institute of Immunology, Medical University of Vienna, Vienna, Austria,

*Department of Molecular Biology, University of Salzburg, Salzburg, Austria

Running head: Characterization of flagellin-allergen fusion proteins

Word count: 3497

Corresponding author:

Barbara Bohle

Department of Pathophysiology and Allergy Research
Medical University of Vienna

Waehringer Guertel 18-20

A-1090 Vienna

Phone: +43 1 40400 5114

Fax: +43 1 40400 5130

Email: barbara.bohle@meduniwien.ac.at



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Kitzmiuller et al. 2

Clinical Implications

Bet v 1-flagellin fusion proteins represent promising vaccines for birch pollen AIT.

Capsule summary
Bet v 1-flagellin fusion proteins display several advantages over wild-type Bet v 1,
namely reduced allergenicity, = immunomodulatory  capacity, enhanced

immunogenicity and intrinsic adjuvanticity.
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Allergen-specific immunotherapy; adjuvant; Toll-like receptor 5; flagellin; Bet v 1

Abbreviations

aa, amino acid; Ag, Antigen; AIT, allergen-specific immunotherapy; alum, aluminium
hydroxide; APC, antigen-presenting cell; BAT, basophil activation test; cpm, counts
per minute; fliC, flagellin from Salmonella thyphimurium; GFP, green fluorescent
protein; i.p., intraperitoneal;, mdDC, monocyte-derived dendritic cells; MPL-A,
monophosporyl-lipid A; O.D., optical densitiy; PBMC, peripheral blood mononuclear
cells; SD, standard deviation; S, stimulation index; SLIT, sublingual immunotherapy;

SN, supernatants; TCC, T cell clone; TCL, T cell line; TLR, Toll-like receptor;



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Kitzmiuller et al. 3

ABSTRACT

Background: Recombinant fusion proteins of flagellin and antigens have been
demonstrated to induce strong innate and adaptive immune responses. Such fusion
proteins may enhance the efficacy of allergen-specific immunotherapy (AIT).
Objective: To characterize different fusion proteins of flagellin and the major birch
pollen allergen Bet v 1 for suitability as allergy vaccines.

Methods: A truncated version of flagellin (NtCFIg) was genetically fused to the N- or
C-terminus of Bet v 1. TLR5-binding was assessed with HEK293 cells expressing
TLR5. Up-regulation of CD40, CD80, CD83, and CD86 on monocyte-derived
dendritic cells (mdDC) from allergic patients was analyzed by flow cytometry. The T
cell-stimulatory capacity of the fusion proteins was assessed with naive and Bet v 1-
specific T cells. IgE-binding was tested in inhibition ELISA and basophil activation
tests (BAT). Mice were immunized with the fusion proteins in the absence and
presence of aluminium hydroxide (alum). Cellular and antibody responses were
monitored. Murine antibodies were tested for blocking capacity in BAT.

Results: Both fusion proteins matured mdDC via TLR5. Compared to Bet v 1 the
fusion proteins showed stronger T cell-stimulatory and reduced IgE-binding capacity
and induced murine Bet v 1-specific antibodies in the absence of alum. However,
only antibodies induced by immunization with NtCFlg fused to the C-terminus of Bet v
1 inhibited the binding of patients” IgE antibodies to Bet v 1.

Conclusion: Bet v 1-flagellin fusion proteins show enhanced immunogenicity,
reduced allergenicity and intrinsic adjuvanticity and thus, represent promising
vaccines for birch pollen AIT. However, the sequential order of allergen and adjuvant

within a fusion protein determines its immunological characteristics.
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INTRODUCTION

Allergen-specific immunotherapy (AIT) is currently the only treatment for IgE-
mediated allergic diseases that modifies the cellular and humoral response of allergic
patients and leads to a long-term amelioration of the allergic symptoms. Conventional
AIT is based on a high number of regular subcutaneous injections of allergen
extracts for up to 3 years. The time consuming and long-lasting treatment schedule
impairs patients’ compliance *. Using Toll-like receptor (TLR) ligands as adjuvants in
AIT vaccines may dramatically reduce the number of injections by activation of the
innate immune system and subsequent stronger counter-regulation of the disease-
eliciting Th2 response 2*. For example, supplementation of allergen vaccines with
the TLR4-ligand monophosphoryl-lipid (MLP)-A strongly promoted Thl-like
responses > and achieved clinical improvement of patients after only four pre-
seasonal injections *°.

Direct conjugation of TLR-ligands to allergens has been shown to amplify their
immunomodulatory capacity *°*2. The TLR5-ligand flagellin, the main component of
bacterial flagella, is used as adjuvant in various vaccines. As a protein, flagellin can
be genetically fused to antigens and such hybrid proteins have been demonstrated to
induce strong innate and adaptive immune responses ****. Although TLR5 activation
does not enhance the uptake of antigens *, a flagellin fusion protein with green
fluorescent protein (GFP) has been shown to be efficiently taken up, processed and
presented by dendritic cells (DC) inducing specific immune responses against the per
se non-immunogenic GFP *°. This enhanced immunogenicity has been referred to
the TLR5-upregulated expression of MHC and costimulatory molecules on the
surface of the APC that takes up and presents the antigen. Flagellin fusion proteins

with allergens may represent immunogenic vaccines for AIT ** %', Indeed, it has been
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demonstrated that the fusion protein of flagellin from Listeria monocytogenes and
ovalbumin but not the mixture of both components suppresses the allergic Th2
response and allergy-related symptoms in a mouse model of intestinal allergy **%°.

AIT with recombinant Bet v 1.0101 (Bet v 1) has achieved a similar clinical
improvement of birch pollen allergy as AIT with birch pollen extract in a multicenter,
randomized, double-blind, placebo-controlled trial **. Thus, Bet v 1 substituted natural
birch pollen extract but per se did not exhibit a superior effectivity. To enhance its
immunogenicity we fused Bet v 1 to flagellin from Salmonella typhimurium (fliC) as
the immunostimulatory capacity of this flagellin has been proven in various studies %*.
We substituted its hypervariable region, which is thought to promote the production of
neutralizing antibodies (Ab) * that down regulate TLR5 signalling, with a short turn
motif to reduce its size and to keep the close proximity of the N- and C-termini
necessary for TLR5-binding. The deletion of the hypervariable region did not
abrogate the adjuvant effect as the resulting truncated flagellin, NtCFlg, still activated
TLR5 and was fused to either the N- or C-terminus of Bet v 1, termed NtCFlg-Bet v 1
and Bet v 1-NtCFlg, respectively, in order to assess possible position effects. Both
fusion proteins were characterized and compared with regard to their ability i) to
target TLR5, ii) to activate human monocyte-derived (md) DC, iii) to bind Bet v 1-
specific IgE Ab and to induce IgE-mediated effector cell activation, and iv) to activate
Bet v 1-specific T cells. In addition, we immunized mice with the fusion proteins in the
absence or presence of aluminium hydroxide (alum) to investigate their intrinsic
adjuvanticity and analyzed whether murine Ab were able to inhibit the binding of

patient-derived IgE to Bet v 1.
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METHODS

The cloning of constructs is described in the Online Repository.

TLR activation assays

HEK 293 cell lines stably transfected with human TLR5 (HEK-hTLR5) or TLR4, MD2
and CD14 (HEK-hTLR4/MD2-CD14) (both InvivoGen, San Diego, CA, USA) were
cultured in DMEM High Glucose supplemented with 10% FCS (both from PAA
Laboratories, Pasching, Austria) and selective antibiotics as described in the
manufacturer’s instructions (all InvivoGen). Cells (4x10%/96 well, Corning, New York,
NY, USA) were stimulated with titrated amounts of Bet v 1 (Biomay, Vienna, Austria),
recombinant fliC (InvivoGen), NtCFlg, Bet v 1-NtCFlg or NtCFlg-Bet v 1 for 20 h in
triplicate. Secreted IL-8 was quantified by ELISA. For this, 96-well plates (NUNC
Maxisorp, Thermo Fisher Scientific, Waltham, MA, USA) were coated with anti-
human IL-8 Ab M801 (Thermo Fisher Scientific) overnight and blocked for 1h at RT in
4% BSA in PBS-Tween 0.05%. Samples and standards (Thermo Fisher Scientific)
were added in blocking buffer for 1h at RT. Bound IL-8 was detected with biotinylated
IL-8 Ab (Thermo Fisher Scientific), poly-HRP streptavidin (Thermo Fisher Scientific)

and TMB solution (Millipore, Billerica, MA, USA).

Patients

To be included, patients had to provide a doctor’s diagnosis of birch-pollen allergy
based on rhinoconjunctivitis in spring, positive skin prick tests to birch pollen extract
(ALK-ABELLO, Hgrsholm, Denmark) and Bet v 1-specific IgE levels of >5 kUl

(ImmunoCAP, Thermo Fisher Scientific; see Table E2 in the Online Repository). The
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study was approved by the local ethics committee. Blood donors gave written

informed consent.

Monocyte-derived dendritic cells

mdDC were generated as described %*. In preliminary experiments, immature mdDC
from 5 individuals were treated with titrated concentrations of Bet v 1-NtCFlg, NtCFIg-
Bet v 1 and NtCFlg (100 nM — 0.01 nM) for 48 h and analyzed for upregulation of
CD83, CD80, CD86 and CD40 using flow cytometry. The highest values of
upregulation were found with 0.01 nM NtCFlg, 0.1 nM Bet v 1-NtCFIlg and 1 nM
NtCFlg-Bet v 1, respectively (data not shown). These concentrations were then used
to stimulate mdDC from 14 birch pollen-allergic individuals. Bet v 1 (100 nM) and fliC

(3 nM) served as controls.

Stimulation of T cells

Bet v 1-specific T cell lines (TCL) were generated from PBMC (1.5x10%well) using 10
ng/ml of Bet v 1 as described *. Cryopreserved Bet v 1-specific T cell clones (TCC)
with determined epitope specificity (Table 1) were thawed and expanded. TCL and
TCC were stimulated with titrated amounts of Bet v 1, NtCFlg, Bet v 1-NtCFlg or
NtCFlg-Bet v 1 (300 nM — 7.5 nM) in duplicate in the presence of 1x10° autologous
irradiated (60 Gy) PBMC. Incorporation of tritiated thymidine was measured after
48h. Stimulation indices (SI) were calculated as the ratio of counts per minute (cpm)
of stimulated cultures to cpm of unstimulated cultures. Naive CD4" T cells were
purified from PBMC using the Naive CD4" T cell Isolation Kit 1l (Miltenyi Biotec,
Bergisch Gladbach, Germany) resulting in >90% CD4'CD45RA" cells. These cells

were cocultured for six days with irradiated, autologous mdDC that had been
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stimulated with Bet v 1 (100 nM) or Bet v 1-NtCFlg (0.1 nM) for 24h . Cytokine levels

in SN were analyzed using the Luminex System 100 (Luminex, Texas, USA).

Inhibition ELISA

Sera were pre-incubated with equimolar concentrations of Bet v 1, NtCFlg, Bet v 1-
NtCFlg or NtCFlg-Bet v 1 (300 nM to 480 pM) for 4h at RT and added to ELISA
plates coated with Bet v 1 (1 pug/ml) overnight and saturated with 1% human serum
albumin for 6h. Bound IgE was detected with alkaline phosphatase (AP)-conjugated
anti-human IgE (BD Biosciences, Heidelberg, Germany) and PNPP (Sigma-Aldrich).
Percentage of inhibition was calculated (% inhibition = 100 — [OD(serum with

inhibitor)/OD(serum without inhibitor) x 100)].

Basophil activation test (BAT)

Heparinized blood of 7 birch pollen-allergic donors was incubated with titrated
amounts of Bet v 1, NtCFlg, Bet v 1-NtCFlg or NtCFlg-Bet v 1 (600 nM — 6 pM) in
Hepes Calcium Buffer pH 7.4 containing 2 ng/ml IL-3 for 15 min at 37<C. For
inhibition experiments, Bet v 1 (1.2 and 0.12 ng in 2 ul buffer) was incubated with
pooled mouse sera (5 pl) for 1 h at 37C. The reaction was stopped with
Hepes/EDTA (20 mM) buffer and cells were stained with CD123-FITC, CCR3-APC
and CDG63-PE (all BioLegend, San Diego, CA, USA), followed by erythrocyte lysis.
Basophils were defined as CD123"CCR3" cells. Basophil activation was expressed

as percentage of CD63" cells in reference to untreated cells .

Immunization of mice
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50 female BALB/c mice (6-8 weeks, Charles River, Sulzfeld, Germany) were
immunized five times by biweekly intraperitoneal (i.p.) injections with either Betv 1 (5
Mg) or equimolar amounts of fliC, NtCFlg, Bet v 1-NtCFlg or NtCFlg-Bet v 1 in PBS
alone or adsorbed to 100 ul alum (Al(OH)3;, Serva GmbH, Heidelberg, Germany) in a
total volume of 150 pl. Prior to each immunization blood was collected by tail
bleeding. Seven days after the final immunization, mice were sacrificed. All mouse
experiments were approved by the Animal Experimentation Ethics Committee of the
Medical University of Vienna and the Ministry of Science and Research (BMWF

66009/0215-11/3b/2010).

Murine immune responses

ELISA plates were coated with Bet v 1 (1 pg/ml) in carbonate buffer (pH=9.6). Sera
were diluted 1:1000 for detection of IgG1 and IgG2a and 1:20 for detection of IgE Ab.
Rat anti-mouse IgE, IgG1, IgG2a (all BD Pharmingen, San Jose, CA, USA), HRP-
conjugated goat anti-rat IgG (GE Healthcare, Vienna, Austria) and ABTS (Sigma
Aldrich) were used for detection. Absorbance was measured at 405 nm. Single cell
suspensions from spleens (1x10%ml) were stimulated in triplicates with Bet v 1 (10
Mg/ml) and proliferation was assessed by incorporation of tritiated thymidine after
72h. Moreover, splenocytes (8x10°/ml) were stimulated with Bet v 1 (10 pg/ml). SN
were collected after 48h and IL-4 and IFN-y levels were measured using the Luminex

system 100.

Statistics
Data were analyzed using IBM SPSS 20.0 (SPSS, Chicago, IL, USA). Statistical

differences were determined by the Wilcoxon signed ranks test or paired sample t-
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218 test and considered statistically significant for P<0.05. Data from duplicate and
219 triplicate experiments are shown as means with standard deviation (SD).
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RESULTS

NtCFlg, Bet v 1-NtCFlg and NtCFlg-Bet v 1 bind TLR5 and induce maturation of
mdDC

We replaced the hypervariable domain (aa 177-400) of fliC (50 kDa) with the hairpin
turn sequence RGITVNGKTYGR (see Figure E1 in the Online Repository). The
resulting 31 kDa protein NtCFlg induced higher levels of IL-8 in HEK-hTLR5 cells
than full length fliC (Fig. 1A). NtCFIg was fused to either the N- or C-terminus of Bet v
1 termed NtCFlg-Bet v 1 and Bet v 1-NtCFlg, respectively. Both 48 kDa proteins
induced IL-8 secretion in HEK-hTLR5 cells with slightly stronger responses to Bet v
1-NtCFlg (Fig. 1 A). None of the proteins induced IL-8 secretion in HEK-hTLR4/MD2-
CD14 cells demonstrating that the recombinant proteins were endotoxin-free (data
not shown).

Next, immature mdDC were stimulated with optimal concentrations of each protein as
indicated in Methods. Bet v 1 did not induce maturation of mdDC whereas Bet v 1-
NtCFlg, NtCFlg-Bet v 1, NtCFlg, and fliC significantly enhanced the expression of
CD83, CD80, CD86 and CD40 (p<0.001, Fig. 1 B). Notably, 10 fold less Bet v 1-
NtCFlg than NtCFlg-Bet v 1 was sufficient to achieve the same expression levels of

the surface markers on mdDC.

Bet v 1-NtCFIg and NtCFlg-Bet v 1 show T cell-activating capacity

Bet v 1-specific TCL from 6 birch pollen-allergic patients were stimulated with
equimolar amounts of Bet v 1, Bet v 1-NtCFlg, NtCFlg-Bet v 1 or NtCFlg. At all
concentrations used, proliferative responses to Bet v 1-NtCFlg were more
pronounced than to Bet v 1 and NtCFIg-Bet v 1, respectively (Table I). To assess

whether antigen processing of Bet v 1-NtCFlg produced the most relevant T cell-
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activating regions %’ we employed 11 Bet v 1-specific TCC from 5 different birch
pollen-allergic donors specific for epitopes distributed over the entire sequence of Bet
v 1 (Table II). All TCC except for TCC9 responded with a significantly higher
proliferation to Bet v 1-NtCFlg than to Bet v 1 (p<0.005). As expected, NtCFlg did not
induce proliferative responses in Bet v 1-specific T cell cultures. We also analyzed
the levels of IL-4, IL-10 and IFN-y in Bet v 1-specific TCC. However, none of these
presumably end-differentiated clones changed their cytokine profile in response to a
one-time stimulation with Bet v 1-NtCFlg (data not shown).

Next, we co-cultured naive T cells from three birch pollen-allergic patients with
autologous mdDC stimulated with Bet v 1 and Bet v 1-NtCFlg, respectively, and
assessed their production of IL-4, IL-5, IL-10, IL-13 and IFN-y. However, IL-4 and IL-
10 were not detected in any of the cultures. The levels of IL-5, IL-13 and IFN-y are
summarized in Table Il and revealed that mdDC stimulated with the fusion protein
displayed a more pronounced polarizing capacity than Bet v 1-stimulated mdDC.
Furthermore, Bet v 1-NtCFlg-stimulated mdDC promoted the production of IFN-y by T

cells which was marginal in cultures polarized with Bet v 1-stimulated mdDC.

Bet v 1-NtCFlg and NtCFIg-Bet v 1 are hypoallergenic

Sera from 11 birch pollen-allergic patients were pre-incubated with the fusion
proteins or Bet v 1 to assess the inhibition of IgE-binding to plate-bound Bet v 1 (Fig.
2A). The fusion proteins displayed a significantly lower inhibitory capacity than Bet v
1. Bet v 1-NtCFlg bound significantly less IgE than NtCFlg-Bet v 1 at low
concentrations.

The efficacy to induce IgE-mediated effector cell activation was tested in BAT of 7

birch-pollen allergic donors (Fig. 2B). Bet v 1-NtCFlg and NtCFlg-Bet v 1 induced
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significantly less basophil activation than Bet v 1 at 6, 60 and 600 pM (p<0.05). No

significant difference between the fusion proteins was observed.

Bet v 1-NtCFIg and NtCFlg-Bet v 1 show intrinsic adjuvanticity

BALB/c mice were immunized 5 times i.p. with equimolar doses of Bet v 1, Bet v 1-
NtCFlg, NtCFlg-Bet v 1, or the mixture of Bet v 1 and NtCFlg without or adsorbed to
alum. Sera were regularly taken and assessed for Bet v 1-specific IgG1, IgG2a and
IgE levels. After 2-3 immunizations with alum, all three Bet v 1-specific Ab
subclasses were detected in response to all proteins (Fig. 3A). In the absence of
alum, both fusion proteins also induced Bet v 1-specific IgG1 and IgE Ab. However,
only Bet v 1-NtCFlg induced noticeable Bet v 1-specific IgG2a Ab (Fig. 3A).
Compared to Bet v 1-NtCFlg the Ab response induced by NtCFlg-Bet v 1 was
delayed. Five immunizations with the mixture of Bet v 1 and NtCFlg were necessary
to induce Bet v 1-specific IgG1l whereas Bet v 1-specific IgG2a and IgE levels
remained negligible. Immunization with Bet v 1 in the absence of alum induced no
detectable Ab responses.

To compare allergen-specific cellular responses in the different groups, splenocytes
were stimulated with Bet v 1 and proliferative and cytokine responses were
assessed. Figure 3B shows that Bet v 1-induced proliferative responses were more
pronounced in mice immunized with the fusion proteins compared to those
immunized with Bet v 1 and the mixture of Bet v 1 and NtCFlg. Allergen-specific
proliferation was higher in all groups immunized without alum except for mice
immunized with wild-type Bet v 1. Similar IFN-y/IL-4 ratios were found in all groups
when immunized with and without alum except for mice immunized with Bet v 1-

NtCFlg. These mice showed a significantly higher IFN-y/IL-4 ratio in the absence of



296

297

298

299

300

301

302

303

304

305

306

Kitzmuller et al. 14

alum indicating a more Thl-like response that matches with the induction of Bet v 1-

specific IgG2a Ab.

Murine antibodies raised against Bet v 1-NtCFlg show blocking capacity

Bet v 1 was pre-incubated with pools of mouse sera collected before or after 5
immunizations with either Bet v 1, Bet v 1-NtCFlg or NtCFIg-Bet v 1 adsorbed to alum
and used to activate basophils from 6 birch pollen-allergic patients. Figure 3B shows
that, compared to pre-immune sera, sera from mice immunized with Bet v 1 and Bet
v 1-NtCFlg significantly reduced basophil activation (p<0.05). In contrast, sera from

mice immunized with NtCFlg-Bet v 1 had no inhibitory effect.
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DISCUSSION

To enhance the immunogenicity of Bet v 1 for improved efficacy of AIT, we
genetically fused it N- and C-terminally with a truncated variant of the TLR5-ligand
fliC which is used as adjuvant in various human vaccines *®%°. Bet v 1 and NtCFlg do
not mutually interact as NtCFlg has no influence on functional IgE-binding of Bet v 1
and Bet v 1 does not alter the TLR5-activating capacity of NtCFIg (see Figure E2 in
the Online Repository). Both fusion proteins triggered TLR5 and caused the
maturation of mdDC. TLR5 is expressed on the surface of many types of APC
similarly to TLR4 *. Consequently, we expect that the use of such fusion proteins
may reduce the number of injections similar to AIT vaccines containing MPL-A © 8.
Beyond that, fliC has been shown to directly stimulate CD4" T cells leading to

enhanced proliferation and IFN-y production in memory T cells **

and a higher
suppressive potential in regulatory T cells *2. Indeed, Bet v 1-NtCFlg displayed a
stronger capacity in the activation of naive and allergen-specific effector T cells than
wild-type Bet v 1. Bet v 1-NtCFlg also polarized naive T lymphocytes to the
production of IFN-y. Antigen processing of Bet v 1-NtCFlg retained the relevant T cell
epitopes of Bet v 1 which is a necessary prerequisite to target all types of allergen-
specific T cells during AIT. In addition to the enhanced immunogenicity, both fusion
proteins displayed significantly lower functional IgE-binding capacity indicating that
their administration to allergic patients will trigger less IgE-mediated side effects.
Finally, the fusion proteins induced Bet v 1-specific humoral and cellular responses in
mice even when not adsorbed to alum which were not observed with wild-type Bet v

1 and clearly less pronounced with the mixture of Bet v 1 and NtCFlg. In the absence

of alum, Bet v 1-NtCFlg induced Bet v 1-specific lgG2a Ab and a higher IFN-y/IL-4
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ratio indicating a Thl-like response. These findings suggest that a vaccine based on
this fusion protein can be devoid of alum which additionally promotes the counter-

regulation of Th2-like responses during AlIT.

Ag sequences have been added to fliC at the N- or C-terminus or within the
hypervariable region without any loss of signaling via TLR5 %334 Also our fusion
proteins retained TLR5-activity and matching previous observations with flagellin
from Listeria monocytogenes ***°, the physical linkage of Bet v 1 and NtCFlg resulted
in stronger immune responses than the mixture of both reagents (Fig. 3). However,
the N-terminal variant displayed a clearly lower capacity to trigger TLR5 than the C-
terminal fusion protein. The impaired capacity of NtCFIg-Bet v 1 to activate TLR5 was
overcome by the addition of NtCFlg (see Figure E3 in the Online Repository). In
contrast, NtCFlg did not affect TLR5-activation by Bet v 1-NtCFlg demonstrating that
this fusion protein fully activated TLR5. Further comparison of both hybrids revealed
that Bet v 1-NtCFlg was also superior to NtCFlg-Bet v 1 in the activation of mdDC
and allergen-specific T cells. Both fusion proteins bound significantly less Bet v 1-
specific IgE from birch pollen-allergic patients but still induced the production of Bet v
1-specific Ab in mice. Again, slightly higher responses to Bet v 1-NtCFlg were
observed. In the absence of alum Bet v 1-NtCFlg induced an earlier and stronger Bet
v 1-specific IgG1l and IgG2a response than NtCFlg-Bet v 1. Testing the capacity of
murine Bet v 1-specific Ab to inhibit the binding of patients” IgE revealed a major
difference between both fusion proteins. Sera from mice immunized with Bet v 1-
NtCFlg inhibited the Bet v 1-mediated activation of basophils from birch pollen-
allergic patients to the same degree as sera from mice immunized with Bet v 1. In
contrast, sera from mice immunized with NtCFlg-Bet v 1 lacked this blocking

capacity. These data suggest that solely a Bet v 1-NtCFlg-based vaccine will induce
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allergen-specific IgG Ab which inhibit IgE-mediated reactions. Bet v 1-NtCFlg was
superior to NtCFIg-Bet v 1 in the inhibition of IgE-binding to Bet v 1 and in basophil
activation when used at low concentrations (Fig. 2). From these findings we deduce
that Bet v 1-NtCFlg contains more IgE-epitopes of Bet v 1 and thereby induces
diverse Bet v 1-specific IgG Ab with sufficient affinity to block IgE-binding. Thus, the
sequential order of allergen and fliC within fusion proteins is of major importance for
the induction of blocking Ab and needs to be carefully evaluated for each variant.

In summary, Bet v 1-NtCFlg displays several advantages over wild-type Bet v 1,
namely reduced allergenicity, enhanced immunogenicity and intrinsic adjuvanticity.
Therefore, we consider Bet v 1-NtCFlg a promising vaccine candidate for AIT which
may be particularly interesting for sublingual immunotherapy (SLIT). Only recently,
SLIT with recombinant Bet v 1 has been demonstrated to be safe and efficacious in
patients with birch pollen-induced rhinoconjunctivitis **>. As previously observed for

subcutaneous administration %!

, Sublingual administration of Bet v 1 showed an
efficacy consistent with the efficacy of SLIT with birch pollen extract. However,
several patients dropped out of the trial due to treatment-associated IgE-mediated
adverse side effects. To improve this situation novel vaccines for AIT should be
hypoallergenic and incorporate adjuvants which effectively stimulate the innate
immune response and thereby enhance adaptive immune responses. Bet v 1-NtCFlg
combines all these requirements with the additional advantages of recombinant
protein production, e.g. easy standardization, batch-to-batch consistency, a constant
allergen-adjuvant ratio and consequently, invariant immunological characteristics.
Furthermore, fusion proteins containing fliC and the otherwise poorly immunogenic

influenza antigen M2e proved to be safe and immunogenic in clinical trials 3* .



380

381

382

383

384

Kitzmiuller et al. 18

Beyond that, fusion proteins of fliC and the influenza hemagglutinin antigen induced
seroprotection in elderly humans *8. Consequently, we propose Bet v 1-NtCFlg to be
a promising vaccine candidate for conventional and sublingual AIT of birch pollen

allergy.



385

386

387

388

389

Kitzmiuller et al. 19

ACKNOWLEDGMENTS

This work was supported by the Christian Doppler Research Association, Biomay
AG, Austria, and the Austrian Science Fund, project SFB F4610. Fruitful discussions

with Beatrice Jahn-Schmid were highly appreciated.



390

391

392

393

394

395

396

397

398

399

400

401

402

403

Kitzmiuller et al. 20

REFERENCES

1.

Kiel MA, Roder E, Gerth van Wijk R, Al MJ, Hop WC, Rutten-van Molken MP.
Real-life compliance and persistence among users of subcutaneous and
sublingual allergen immunotherapy. J Allergy Clin Immunol 2013; 132:353-60

e2.

Johansen P, Senti G, Martinez Gomez JM, Storni T, von Beust BR, Wuthrich
B, et al. Toll-like receptor ligands as adjuvants in allergen-specific

immunotherapy. Clin Exp Allergy 2005; 35:1591-8.

Pfaar O, Cazan D, Klimek L, Larenas-Linnemann D, Calderon MA. Adjuvants

for immunotherapy. Curr Opin Allergy Clin Immunol 2012; 12:648-57.

Deifl S, Kitzmuller C, Steinberger P, Himly M, Jahn-Schmid B, Fischer GF, et
al. Differential activation of dendritic cells by toll-like receptors causes diverse
differentiation of naive CD4+ T cells from allergic patients. Allergy 2014;

69:1602-9.



404

405

406

407

408

409

410

411

412

413

414

415

416

417

Kitzmiuller et al. 21

Puggioni F, Durham SR, Francis JN. Monophosphoryl lipid A (MPL) promotes
allergen-induced immune deviation in favour of Thl responses. Allergy 2005;

60:678-84.

Drachenberg KJ, Wheeler AW, Stuebner P, Horak F. A well-tolerated grass
pollen-specific allergy vaccine containing a novel adjuvant, monophosphoryl
lipid A, reduces allergic symptoms after only four preseasonal injections.

Allergy 2001; 56:498-505.

McCormack PL, Wagstaff AJ. Ultra-short-course seasonal allergy vaccine

(Pollinex Quattro). Drugs 2006; 66:931-8.

DuBuske LM, Frew AJ, Horak F, Keith PK, Corrigan CJ, Aberer W, et al.
Ultrashort-specific immunotherapy successfully treats seasonal allergic

rhinoconjunctivitis to grass pollen. Allergy Asthma Proc 2011; 32:239-47.

Patel P, Holdich T, Fischer von Weikersthal-Drachenberg KJ, Huber B.

Efficacy of a short course of specific immunotherapy in patients with allergic



418

419

420

421

422

423

424

425

426

427

428

429

430

431

10.

11.

12.

Kitzmiuller et al. 22

rhinoconjunctivitis to ragweed pollen. J Allergy Clin Immunol 2014; 133:121-9

el-2.

Tighe H, Takabayashi K, Schwartz D, Van Nest G, Tuck S, Eiden JJ, et al.
Conjugation of immunostimulatory DNA to the short ragweed allergen amb a 1
enhances its immunogenicity and reduces its allergenicity. J Allergy Clin

Immunol 2000; 106:124-34.

Horner AA, Takabayashi K, Beck L, Sharma B, Zubeldia J, Baird S, et al.
Optimized conjugation ratios lead to allergen immunostimulatory
oligodeoxynucleotide conjugates with retained immunogenicity and minimal

anaphylactogenicity. J Allergy Clin Immunol 2002; 110:413-20.

Huleatt JW, Jacobs AR, Tang J, Desai P, Kopp EB, Huang Y, et al.
Vaccination with recombinant fusion proteins incorporating Toll-like receptor
ligands induces rapid cellular and humoral immunity. Vaccine 2007; 25:763-

75.



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

13.

14.

15.

16.

Kitzmiuller et al. 23

Ghose C, Verhagen JM, Chen X, Yu J, Huang Y, Chenesseau O, et al. Toll-
like receptor 5-dependent immunogenicity and protective efficacy of a
recombinant fusion protein vaccine containing the nontoxic domains of
Clostridium difficile toxins A and B and Salmonella enterica serovar
typhimurium flagellin in a mouse model of Clostridium difficile disease. Infect

Immun 2013; 81:2190-6.

Song L, Xiong D, Kang X, Yang Y, Wang J, Guo Y, et al. An avian influenza A
(H7N9) virus vaccine candidate based on the fusion protein of hemagglutinin
globular head and Salmonella typhimurium flagellin. BMC Biotechnol 2015;

15:79.

Cuadros C, Lopez-Hernandez FJ, Dominguez AL, McClelland M, Lustgarten J.
Flagellin fusion proteins as adjuvants or vaccines induce specific immune

responses. Infect Immun 2004; 72:2810-6.

Moingeon P. Will Allergen Fusion Bring New Energy to Immunotherapy? Int

Arch Allergy Immunol 2015; 168:107-9.



447

448

449

450

451

452

453

454

455

456

457

458

459

460

17.

18.

19.

20.

Kitzmuller et al. 24

Aryan Z, Holgate ST, Radzioch D, Rezaei N. A new era of targeting the
ancient gatekeepers of the immune system: toll-like agonists in the treatment

of allergic rhinitis and asthma. Int Arch Allergy Immunol 2014; 164:46-63.

Schulke S, Waibler Z, Mende MS, Zoccatelli G, Vieths S, Toda M, et al.
Fusion protein of TLR5-ligand and allergen potentiates activation and IL-10

secretion in murine myeloid DC. Mol Immunol 2010; 48:341-50.

Schulke S, Burggraf M, Waibler Z, Wangorsch A, Wolfheimer S, Kalinke U, et
al. A fusion protein of flagellin and ovalbumin suppresses the TH2 response
and prevents murine intestinal allergy. J Allergy Clin Immunol 2011; 128:1340-

8 el2.

Schulke S, Wolfheimer S, Gadermaier G, Wangorsch A, Siebeneicher S, Briza
P, et al. Prevention of intestinal allergy in mice by rflaA:Ova is associated with
enforced antigen processing and TLR5-dependent IL-10 secretion by mDC.

PLoS One 2014, 9:e87822.



461

462

463

464

465

466

467

468

469

470

471

472

473

21.

22.

23.

24,

Kitzmiuller et al. 25

Pauli G, Larsen TH, Rak S, Horak F, Pastorello E, Valenta R, et al. Efficacy of
recombinant birch pollen vaccine for the treatment of birch-allergic

rhinoconjunctivitis. J Allergy Clin Immunol 2008; 122:951-60.

Lu Y, Swartz JR. Functional properties of flagellin as a stimulator of innate

immunity. Sci Rep 2016; 6:18379.

Nempont C, Cayet D, Rumbo M, Bompard C, Villeret V, Sirard JC. Deletion of
flagellin's hypervariable region abrogates antibody-mediated neutralization
and systemic activation of TLR5-dependent immunity. J Immunol 2008;

181:2036-43.

Kitzmuller C, Wallner M, Deifl S, Mutschlechner S, Walterskirchen C,
Zlabinger GJ, et al. A hypoallergenic variant of the major birch pollen allergen
shows distinct characteristics in antigen processing and T-cell activation.

Allergy 2012; 67:1375-82.



474

475

476

ar7

478

479

480

481

482

483

484

485

486

487

25.

26.

27.

28.

29.

Kitzmiuller et al. 26

Kitzmuller C, Zulehner N, Roulias A, Briza P, Ferreira F, Fae I, et al.
Correlation of sensitizing capacity and T-cell recognition within the Bet v 1

family. J Allergy Clin Immunol 2015; 136:151-8.

Hoffmann HJ, Santos AF, Mayorga C, Nopp A, Eberlein B, Ferrer M, et al. The
clinical utility of basophil activation testing in diagnosis and monitoring of

allergic disease. Allergy 2015; 70:1393-405.

Jahn-Schmid B, Radakovics A, Luttkopf D, Scheurer S, Vieths S, Ebner C, et
al. Bet v 1142-156 is the dominant T-cell epitope of the major birch pollen
allergen and important for cross-reactivity with Bet v 1-related food allergens.

J Allergy Clin Immunol 2005; 116:213-9.

Mizel SB, Bates JT. Flagellin as an adjuvant: cellular mechanisms and

potential. J Immunol 2010; 185:5677-82.

Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR ligands as

adjuvants within human vaccines. Immunol Rev 2011; 239:178-96.



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

30.

31.

32.

33.

Kitzmiuller et al. 27

Hornung V, Rothenfusser S, Britsch S, Krug A, Jahrsdorfer B, Giese T, et al.
Quantitative expression of toll-like receptor 1-10 mRNA in cellular subsets of
human peripheral blood mononuclear cells and sensitivity to CpG

oligodeoxynucleotides. J Immunol 2002; 168:4531-7.

Caron G, Duluc D, Fremaux I, Jeannin P, David C, Gascan H, et al. Direct
stimulation of human T cells via TLR5 and TLR7/8: flagellin and R-848 up-
regulate proliferation and IFN-gamma production by memory CD4+ T cells. J

Immunol 2005; 175:1551-7.

Crellin NK, Garcia RV, Hadisfar O, Allan SE, Steiner TS, Levings MK. Human
CD4+ T cells express TLR5 and its ligand flagellin enhances the suppressive
capacity and expression of FOXP3 in CD4+CD25+ T regulatory cells. J

Immunol 2005; 175:8051-9.

Agrawal S, Agrawal A, Doughty B, Gerwitz A, Blenis J, Van Dyke T, et al.
Cutting edge: different Toll-like receptor agonists instruct dendritic cells to

induce distinct Th responses via differential modulation of extracellular signal-



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

34.

35.

36.

37.

Kitzmiuller et al. 28

regulated kinase-mitogen-activated protein kinase and c-Fos. J Immunol 2003;

171:4984-9.

Vicente-Suarez |, Brayer J, Villagra A, Cheng F, Sotomayor EM. TLR5 ligation
by flagellin converts tolerogenic dendritic cells into activating antigen-
presenting cells that preferentially induce T-helper 1 responses. Immunol Lett

2009; 125:114-8.

Nony E, Bouley J, Le Mignon M, Lemoine P, Jain K, Horiot S, et al.
Development and evaluation of a sublingual tablet based on recombinant Bet

v 1 in birch pollen-allergic patients. Allergy 2015; 70:795-804.

Treanor JJ, Taylor DN, Tussey L, Hay C, Nolan C, Fitzgerald T, et al. Safety
and immunogenicity of a recombinant hemagglutinin influenza-flagellin fusion

vaccine (VAX125) in healthy young adults. Vaccine 2010; 28:8268-74.

Turley CB, Rupp RE, Johnson C, Taylor DN, Wolfson J, Tussey L, et al.
Safety and immunogenicity of a recombinant M2e-flagellin influenza vaccine

(STF2.4xM2e) in healthy adults. Vaccine 2011; 29:5145-52.



518

519

520

521

522

38.

Kitzmiuller et al. 29

Taylor DN, Treanor JJ, Strout C, Johnson C, Fitzgerald T, Kavita U, et al.
Induction of a potent immune response in the elderly using the TLR-5 agonist,
flagellin, with a recombinant hemagglutinin influenza-flagellin fusion vaccine

(VAX125, STF2.HA1 SI). Vaccine 2011, 29:4897-902.



Kitzmiuller et al. 30

523 Table I: Proliferation of Bet v 1-specific TCL in response to Bet v 1, NtCFlg and the

524 fusion proteins
Betv1 Bet v 1-NtCFIlg | NtCFlg-Bet v 1 NtCFlg
TCL
[nM] [nM] [nM] [nM]

300150 | 75 [ 300 ;150 75 | 300 150 | 75 | 300 | 150 | 75

TCL1 18815229 {23 {25|51{53 ;43|12 ;1312

TCL 2 16 | 15 { 10 | 26 { 21 | 23 |19 {71 89|21 11} 12

TCL 3 12 10 { 10 ( 11 { 12 { 10 | 2.7 { 10 ; 7.8 |14 {14 | 19

TCL 4 11,112 { 10 { 17 { 18 | 18 [ 69 {82 | 11 |04 | 04 | 0.8

TCL 5 22 121 1 201 35 {35 {36 |13 24 29 |09 3229

TCL6 [91:89 88 ] 10 { 11 | 10 |42 6.2 79103 04 ;0.3

525
526  2Stimulation indices are shown.
527

528
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529 Table II: Proliferation of Bet v 1-specific TCC in response to Bet v 1, Bet v 1-NtCFlg

530 and NtCFlg

TCC Epitope specificity Stimulus [300 nM]
Bet v 1-
Amino acid residue Betv1 NtCFlg
NtCFIg***
TCC1 4-18 3032 415 0.8
TCC2 4-18 139 228 0.9
TCC3 4-18 29 47 0.3
TCC4 4-18 2.3 28 1.3
TCC5 4-18 24 10 1.2
TCC6 61-75 11 21 1.4
TCC7 82-96 84 140 n.t.
TCC8 82-96 27 85 n.t.
TCC9 112-123 52 49 1.8
TCC10 |142-153 157 205 0.9
TCC11 |142-153 102 200 0.3

531

532 2 Stimulation indices are shown, n.t., not tested; ***p<0.005, (paired samples t-test)
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533 Table lll. T cell-polarizing activity of Bet v 1-NtCFlg

IL-5 [ng/ml] IL-13 [pg/ml] IFN-y [pg/ml]
Donors 1 2 3 1 2 3 1 2 3
Betv1 74.9 117.7 12.7 173.3 144.3 582.4 <0.1 <0.1 17.0
Bet v 1-NtCFlg 86.1 69.0 251 2246 1518 2153 1610 1156 119.9

534

535 Cytokine levels in unstimulated cultures were subtracted from levels in stimulated cultures.
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Figure legends

Figure 1. NtCFlg and the Bet v 1-fusion proteins activate TLR5

(A) HEK293-hTLR5 were left untreated (A) or stimulated with Bet v 1-NtCFlg (<),
NtCFlg-Bet v 1 (@), NtCFlg (W) or fliC (CJ) for 20h. IL-8 secretion in one
representative experiment of seven is shown. (B) mdDC from 14 birch pollen-allergic
patients were left untreated or incubated with Bet v 1 (100 nM), Bet v 1-NtCFlg (0.1
nM), NtCFlg-Bet v 1 (1 nM), NtCFlg (0.01 nM), or fliC (3 nM). After 48h surface

markers were analyzed (***, P<0.001, Wilcoxon signed ranks test)

Figure 2: Bet v 1-NtCFlg and NtCFlg-Bet v 1 are hypoallergens

(A) Sera of 11 birch pollen-allergic patients were pre-incubated with equimolar
amounts of Bet v 1 (charcoal), Bet v 1-NtCFlg (dark grey), or NtCFlg-Bet v 1 (light
grey) for 4h. The percentage of inhibition of IgE-binding to Bet v 1 in ELISA is shown.
(B) Basophils from 7 birch pollen-allergic donors were stimulated with Bet v 1
(charcoal), Bet v 1-NtCFlg (dark grey) or NtCFlg-Bet v 1 (light grey). The percentage

of CD63" basophils is shown (*P<0.05, Wilcoxon signed ranks test).

Figure 3: Bet v 1-NtCFlg induces Bet v 1-specific blocking antibodies

(A) BALB/c mice (n=5 for each group) were immunized (day O=first, day 56=5"
immunization) with equimolar amounts of Bet v 1, Bet v 1-NtCFlg, NtCFIg-Bet v 1 or
a mixture of Bet v 1 and NtCFlg without or adsorbed to alum. Sera collected at the
indicated days were tested for Bet v 1-specific IgG1, IgG2a (diluted 1/1000) and IgE

(diluted 1/20) Ab. Mean and SD of each group are shown. OD, optical density
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(B) Bet v l-induced proliferation and cytokine responses of splenocytes. Results
show mean values of n=5 animals per group. Dpm = counts per minute (cpm) of
stimulated cultures minus cpm of unstimulated cultures. n.d. = not detected.

(C) Bet v 1 was pre-incubated with pooled sera from mice immunized with either Bet
v 1 (charcoal), Bet v 1-NtCFlg (dark grey) or NtCFlg-Bet v 1 (light grey) prior to
stimulation of basophils from 6 birch pollen-allergic donors. Pre-immune sera (white)

served as control (*P<0.05, Wilcoxon signed ranks test).
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