REIVINDICACIONES

1. Una particula tipo virus modificada (VLP) del virus del mosaico del pepino (CMV),
que comprende una pluralidad de polipéptidos de CMV modificados, en donde cada dicho
polipéptido de CMV modificado comprende
(a) un polipéptido de CMV, donde dicho polipéptido de CMV comprende una
secuencia de aminoacidos de una proteina de recubrimiento de CMV que

comprende la SEQ ID NO. 1 0 SEQID NO. 21;y

(b) un epitopo de célula T ayudante, en donde dicho epitopo de célula T
ayudante es seleccionado de cualquiera de las secuencias SEQ ID NO:4, SEQ ID NO:
5 0 SEQ ID NO: 26 a 30 y en donde dicho epitopo de célula T ayudante sustituye
una regién N-terminal de dicho polipéptido de CMV que corresponde a los

aminodcidos 2 a 12 de la SEQ ID NO. 1.

2. La VLP modificada de CMV de conformidad con la Reivindicaciéon 1, en donde dicho

polipéptido de CMV comprende una secuencia de aminodcidos de la SEQ ID NO:6.

3. La VLP modificada de CMV de conformidad con la Reivindicacion 1, en donde dicho

polipéptido de CMV comprende una secuencia de aminodcidos de la SEQ ID NO:7.

4. Una composicion que comprende una particula tipo virus modificada de

conformidad con cualquiera de las Reivindicaciones 1 a 3.

5. La composicién de conformidad con la Reivindicacién 4, en donde dicha
composicidon comprende:
(a) una particula tipo virus modificada de conformidad con cualquiera de las
reivindicaciones 1 a 3, y en donde dicha particula tipo virus modificada comprende
uno o mas primer sitio de union; y
(b) al menos un antigeno, en donde dicho antigeno comprende uno o mas
segundo sitio de unién;
en donde (a) y (b) estan vinculados a través de dicho uno o mas primer y dicho uno o mas

segundo sitio de unién a través de por lo menos un enlace no peptidico covalente.

6. La composicion de conformidad con la Reivindicacién 5, en donde dicho primer

sitio de union es un grupo amino.



7. La composicidon de conformidad con cualquiera de las reivindicaciones 5 a 6, en

donde dicho primer sitio de unién es un grupo amino de un residuo de lisina.

8. La composiciéon de conformidad con cualquiera de las Reivindicaciones 5 a 7 en

donde dicho segundo sitio de unidn es un grupo sulfhidrilo.

9. La composicién de conformidad con cualquiera de las Reivindicaciones 5 a 7, en

donde dicho segundo sitio de unidn es un grupo sulfhidrilo de un residuo de cisteina.

10. La composicidon de conformidad con cualquiera de las Reivindicaciones 5 a 9, en

donde dicho primer sitio de unién no es un grupo sulfhidrilo.

11. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 10, en
donde sélo uno de dichos segundos sitios de unidn se asocia con dicho primer sitio de
union a través de uno o mas enlaces covalentes no peptidicos que conducen a un tipo
Unico y uniforme de unidn de dicho antigeno a dicha particula tipo virus modificada, en
donde dicho sélo un segundo sitio de unién que se asocia con dicho primer sitio de union
es un grupo sulfhidrilo, y en donde dicho antigeno y dichas particulas tipo virus
modificadas interactlan a través de dicha asociacion para formar una matriz antigénica

ordenada y repetitiva.

12. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 11, en
donde dicho segundo sitio de unién es un grupo sulfhidrilo unido mediante acoplamiento

guimico.

13. La composicién de conformidad con cualquiera de las Reivindicaciones 5 a 12 que
ademas comprende un vinculador, en donde en donde dicho vinculador asocia dicho

antigeno con dicho segundo sitio de union.

14. La composicion de conformidad con la Reivindicacién 13, en donde dicho

vinculador comprende dicho segundo sitio de unidn.

15. La composicidon de conformidad con cualquiera de las Reivindicaciones 4 a 14, que
ademas comprende una o mads sustancias inmunoestimulantes, en donde dicha sustancia

inmunoestimulante se une a, se mezcla con o se empaca en dichas particulas tipo virus.

16. La composicion de conformidad con la Reivindicacién 15, en donde dicha sustancia

inmunoestimulante se empaca en dicha particula tipo virus modificada.



17. La composicion de conformidad con la Reivindicacién 15 o 16, en donde dicha

sustancia inmunoestimulante consiste de ADN o ARN de origen no eucariota.

18. La composicién de conformidad con cualquiera de las Reivindicaciones 15 a 17, en
donde dicha sustancia inmunestimulantes es un oligonucleétido que contiene CpG no

metilado.

19. La composicion de conformidad con la Reivindicacién 18, y en donde dicho

oligonucledtido que contiene CpG no metilado comprende una secuencia palindrémica.

20. La composiciéon de conformidad con la Reivindicacién 18 o 19, y en donde el
motivo de CpG de dicho oligonucleétido que contiene CpG no metilado es parte de una

secuencia palindrémica.

21. La composicidon de conformidad con la Reivindicacién 19 o 20, en donde dicha

secuencia palindrémica es GACGATCGTC (SEQ ID NO: 31).

22. La composicidén de conformidad con cualquiera de las Reivindicaciones 19 a 21, en
donde dicha secuencia palindromica es flanqueada en su 5'-terminal por de 3 a 5
entidades de guanosina, y en donde dicha secuencia palindrémica es flanqueada en su 3'-

terminal por de 3 a 5 entidades de guanosina.

23. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en
donde dicho antigeno es un antigeno de tumor, un antigeno propio, un polipéptido de un

patdégeno, un alérgeno o un hapteno.

24, La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 23, en

donde dicho antigeno es IL-17.

25. La composicion de conformidad con la Reivindicacién 24, en donde dicho antigeno

comprende la SEQ ID NO: 42.

26. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es IL-5.

27. La composicion de conformidad con la Reivindicacién 26, en donde dicho antigeno

comprende la SEQ ID NO: 41.



28. La composicion de conformidad con cualquiera de las Reivindicaciones de 5 a 22,

en donde dicho antigeno es TNFa..

29. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es IL-1a.

30. La composicion de conformidad con cualquiera de las Reivindicaciones de 5 a 22,

en donde dicho antigeno IL-13.

31. La composicion de conformidad con la Reivindicacién 30, en donde dicho antigeno

comprende la SEQ ID NO: 46.

32. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es un péptido derivado de A1-42.

33. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es IgE o un péptido o dominio comprendido en IgE.

34. La composiciéon de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es a-sinucleina o un péptido derivado de a-sinucleina.

35. La composicion de conformidad con la Reivindicacién 34, en donde dicho antigeno

es un péptido derivado de a-sinucleina que consiste en 6 a 14 aminoacidos.

36. La composiciéon de conformidad con la Reivindicacion 34 o 35, en donde dicho
antigeno es un péptido derivado de a-sinucleina seleccionado de cualquiera de las

secuencias SEQ D NO:32, SEQ ID NO:33 y SEQ ID NO:34.

37. La composicion de conformidad con cualquiera de las Reivindicaciones de 5 a 22,

en donde dicho antigeno IL-4.

38. La composicién de conformidad con la Reivindicacién 37, en donde dicho antigeno

comprende la SEQ ID NO: 45.

39. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es GnRH.



40. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es eotaxina.

41. La composicion de conformidad con cualquiera de las Reivindicaciones de 5 a 22,
en donde dicho antigeno es el dominio extracelular de la proteina M2 del virus de la

Influenza A, un fragmento antigénico del mismo.

42. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es IL-31.

43, La composicion de conformidad con la Reivindicacién 42, en donde dicho antigeno

comprende las SEQ ID NO:43 o SEQ ID NO: 44.

44, La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en
donde dicho antigeno se deriva de Plasmodium falciparum o Plasmodium Vivax, o en

donde dicho antigeno es el derivado de RSV.

45, La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es el alérgeno de gato Fel d1 o un Fel d1 recombinante (rFel d1).

46. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es un Fel d1 recombinante (rFel d1).

47. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno comprende la SEQ ID NO: 17 o SEQ ID NO: 18.

48. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno consiste de la SEQ ID NO: 17 o SEQ ID NO: 18.

49. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno comprende la SEQ ID NO: 18.

50. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es el alérgeno de perro Can f1 o Can f2.

51. La composicion de conformidad con cualquiera de las Reivindicaciones 5 a 22, en

donde dicho antigeno es el péptido relacionado con el gen calcitonina (CGRP).



52. La composicién de cualquiera de las Reivindicaciones 5 a 22, en donde dicho

antigeno es Amilina.

53. Una vacuna que comprende la particula tipo virus modificada de cualquiera de las

Reivindicaciones 1 a 3 o la composicion de cada una de las Reivindicaciones 4 a 52.

54, Una composicidn farmacéutica que comprende:
(a) la particula tipo virus modificada de conformidad con cualquiera de las
Reivindicaciones 1 a 3, la composicidn de cualquiera de las Reivindicaciones 4 a 52,
o la vacuna de la Reivindicacion 53; y

(b) un portador, diluyente y/o excipiente farmacéuticamente aceptable.
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Incorporation of tetanus-epitope into virus-like particles
achieves vaccine responses even in older recipients in models of
psoriasis, Alzheimer’s and cat allergy

Andris Zeltins', Jonathan West?, Franziska Zabel*>, Aadil El Turabi

Paul Engeroff®, Gary T. Jennings*®, Abhay Kotecha (®’, David | Stuart’, John Foerster>® and Martin F. Bachmann

S Ina Balke', Stefanie Haas® Melanie Maudrich?, Federico Storni®,
3,4,5,6,8

Monoclonal antibodies are widely used to treat non-infectious conditions but are costly. Vaccines could offer a cost-effective
alternative but have been limited by sub-optimal T-cell stimulation and/or weak vaccine responses in recipients, for example, in
elderly patients. We have previously shown that the repetitive structure of virus-like-particles (VLPs) can effectively bypass self-
tolerance in therapeutic vaccines. Their efficacy could be increased even further by the incorporation of an epitope stimulating T
cell help. However, the self-assembly and stability of VLPs from envelope monomer proteins is sensitive to geometry, rendering the
incorporation of foreign epitopes difficult. We here show that it is possible to engineer VLPs derived from a non human-pathogenic
plant virus to incorporate a powerful T-cell-stimulatory epitope derived from Tetanus toxoid. These VLPs (termed CMV+7) retain self-
assembly as well as long-term stability. Since Th cell memory to Tetanus is near universal in humans, CMVr-based vaccines can
deliver robust antibody-responses even under limiting conditions. By way of proof of concept, we tested a range of such vaccines
against chronic inflammatory conditions (model: psoriasis, antigen: interleukin-17), neurodegenerative (Alzheimer's, -amyloid), and
allergic disease (cat allergy, Fel-d1), respectively. Vaccine responses were uniformly strong, selective, efficient in vivo, observed even
in old mice, and employing low vaccine doses. In addition, randomly ascertained human blood cells were reactive to CMV-VLPs,
confirming recognition of the incorporated Tetanus epitope. The CMV1-VLP platform is adaptable to almost any antigen and its
features and performance are ideally suited for the design of vaccines delivering enhanced responsiveness in aging populations.

npj Vaccines (2017)2:30; doi:10.1038/s41541-017-0030-8

INTRODUCTION

Vaccines are widely used prophylactically to prevent infectious
disease, as well as therapeutically to alter the course of established
chronic infections. While passive immunization in the form of
monoclonal antibodies (“biologics”) has had a dramatic impact on
non-infectious diseases, including cancer, chronic inflammatory,
and neurodegenerative disease, the development of vaccines in
these increasingly important therapeutical areas has only very
recently been explored clinically. The term ‘therapeutical vaccine’
has been used to denote vaccines aiming at blocking an
endogenous molecular pathway in order to alter the course of
an already established non-infectious condition. This approach
represents a potentially attractive public health option as it could
offer an affordable alternative to several mAb therapies (chapter
54 in ref. 1). Examples include vaccines against angiotensin to
treat hypertension,”® TNFa to treat arthritis,* IFNa to treat lupus,’
or IL-1B to treat diabetes.® Such vaccines have been designed
using a variety of strategies, including DNA-vaccination, coupling
to non-specific adjuvants such as keyhole limpet hemocyanin
(KLH), or virus-like particles (VLP, reviewed in’). However,
inconsistent neutralizing capacity of vaccine-induced target-

specific antibodies has often been found limiting. This may be
due to a combination of factors, including the absence of
good Th cell epitopes within the vaccine conferring good Th cell
help to B cells,®'° difficulties to bypass self-tolerance, as well as
poor vaccine responses in an aging demographic due to
immunosenescence.

Regarding bypassing of self-tolerance we have previously
shown that the use of VLPs as antigen-carrier confers robust B
cell activation, by mimicking the repetitive three-dimensional
scaffold common to viral intruders.”'""'2 Building on this work, we
here sought to explore whether incorporation of a strong T-cell
epitope might deliver enhanced T cell help to B cells even under
limiting conditions, such as aged vaccine recipients. The T-cell
epitope derived from the tetanus toxin (TT) is uniquely capable of
delivering such intrinsic immuno-boosting, since pre-existing T
cell memory to this epitope is near universal in humans and has
been used as such in vaccines.”*'* However, internal genetic
fusion of this epitope to a viral envelope protein has not been
reported and is not trivial since the capacity for self-assembly of
icosahedral particles from VLP monomer proteins is highly
sensitive to altered geometry. The search for suitable parent virus
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Fig. 1 Properties of CMV+ virus-like particles. a Electron microscopy image of purified VLPs incorporating the universal T-cell epitope (GIn Tyr
lle Lys Ala Asn Ser Lys Phe lle Gly lle Thr Glu) derived from Tetanus toxin. VLP sample (1.5 mg/ml) was adsorbed on carbon formvar-coated
copper grids and were negatively stained with 1% uranyl acetate aqueous solution. The grids were examined using a JEM-100C electron
microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV. White bar corresponds to 100 nm. Particle size was found between 26 and
28 nm. b Dynamic light scattering (DLS) analysis of CMVr. Sample VLP solution (1 mg/ml) was analyzed on a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd, UK). The results of three measurements were analyzed by DTS software (Malvern, version 6.32). The average
hydrodynamic diameter (Z(av)) of particles was found 38.5 nm. ¢ SDS-PAGE analysis of CMVt VLPs. Increasing amounts of VLPs were loaded
on the gel (lane 1-0.6 ug, lane 2-1.2 ug and lane 3-2.4 ug). M—protein size marker (Page Ruler Plus, Thermo Scientific). Samples were derived
from the same experiment and were processed in parallel. d Agarose gel analysis of CMV+r. Lane 1 — CMV VLPs (4 pl, 1.5 mg/ml) were mixed
with DNA Loading buffer (lane 1) and analyzed in 0.8% agarose /TBE buffer. M — DNA size marker (Gene Ruler, 1 kb, Thermo Scientific). Samples
were derived from the same experiment and were processed in parallel. e UV spectroscopy. The UV spectrum of VLP solution (1 mg/ml) was
recorded using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, USA). The VLP sample absorbs strongly at
260 nm which is typical for viruses and VLPs. f For mass spectrometric (MS) analysis CMVt VLPs (1 mg/ml) were diluted with a 3-
hydroxypicolinic acid matrix solution and were spotted onto an MTP AnchorChip 400/384TF. Matrix-assisted laser desorption/ionization
(MALDI)-TOF MS analysis was carried out on an Autoflex MS (Bruker Daltonik, Germany). The protein molecular mass (MM) calibration standard
Il (22.3-66.5 kDa; Bruker Daltonik) was used for mass determination. Obtained spectrum suggests that the first methionine is removed during
the CMV coat protein synthesis in E. coli cells and the N-terminus is replaced by the TT epitope (calculated MW 24485 Da, found m/z value
24487.3 Da)

shells is further complicated by additional constraints required to RESULTS AND DISCUSSION

obtain a platform adaptable to clinical applications including the
avoidance of human pathogenic virus species, as this may perturb
classical vaccination programs or interfere with diagnostics.
Furthermore, selection of a sufficiently large VLP-monomer
protein would increase the overall number of additional potential
Th cell epitopes derived from the VLP itself.

Here we demonstrate that VLPs derived from Cucumber Mosaic
Virus can be engineered to incorporate an internally fused Tet-
epitope. Vaccines based on the resultant VLPs (CMV+y) are stable,
immunogenic, and elicit strong responses even under limiting
conditions. In terms of safety of plant virus-derived VLP, a recent
clinical trial employing a plant-derived VLP-vaccine to treat
malaria did not identify limiting safety aspects.'”” Cucumber
mosaic virus is a widely distributed virus with no toxicity to
humans reported to date. In addition, there are several studies
using CMV-derived vaccines in mammals including pigs, without
identifying toxicity.'® CMVy7 can easily be linked to any antigen of
choice via chemical cross-linking. As such, this new technology
should significantly increase the utility of vaccine approaches both
for the efficient targeting of signaling pathways in vivo, as well as
for other clinical applications.
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Construction of a stable VLP containing a universal T cell epitope

We set out to engineer a VLP particle maintaining structural
stability as well as the capacity for self-assembly even after
incorporation of an artificial sequence into the envelope protein
monomers. In addition, in order to be adaptable to a wide range
of applications, the ideal VLP would (1) be derived from a non-
human parent virus, (2) retain the capacity to incorporate RNA
able to serve as immuno-stimulatory TLR agonist RNA,"'8 and (3)
exhibit a large molecular size monomer to increase the overall
number of T-cell stimulatory epitopes. Based on these criteria, we
screened several candidate plant virus derived VLPs harboring
large (25-30 kDa) monomer blocks, almost twice the molecular
weight of e.g., RNA-phage derived VLPs. Several candidate VLPs
exhibited dramatically reduced or absent VLP stability upon
insertion of the Tetanus-derived epitope (TT) at various sites
(Suppl. Fig. 1). In contrast, replacement of the first 12 N-terminal
amino acids of CMV with the TT epitope resulted in well
assembled VLPs with a size of approximately 30-40nm in
diameter, as shown by electron microscopy (EM) (Fig. 1a) and
dynamic light scattering (DLS) (Fig. 1b), preserving the native T=3
icosahedral structure. SDS-PAGE analysis revealed a homogenous
product of the expected size (Fig. 1c). Ethidium bromide staining
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Fig. 2 Structure resolution of engineered CMV VLPs by cryoEM. VLPs were dissolved in borate-EDTA containing buffer, vitrified and analyzed
by EM using a Tecnai F30 ‘Polara’ microscope (FEI) a Representative 2-D view of vitrified VLP, generated from repeated imaging each field of
view along the Z- axis creating a series of images (constituting a movie). From ~300 movies, 6685 particles were selected for data processing.
b Examples of generated 2-D classification, 20 were generated based on average electron density. White bar corresponds to 50 nm. Cross
sectional Selection refinement towards 3-D electron density model and an initial model fitting data to icosahedral symmetry produced 9 A
model. ¢ High level refinement further improved resolution to 4.2 A. In addition, d the internal view reveals ordered elements (shown in
orange) are visible on the interior of the capsid shell. e Resolution Fitting reconstruction reveals that the obtained structure corresponds to X-
ray crystal structural data
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Fig. 3 Chemical reactivity of surface exposed Lysine residues and T cell reactivity of incorporated universal T cell epitope. a Surface
representation of cryoEM model with all lysine residues displayed in stick format, net surface charge is color coded. b Trypsin fingerprint
analysis of CMV-Ntt830 VLPs after treatment with fluorescein isothiocyanate (FITC). Panel I—CMV-Ntt830 protein sequence represented in the
form of trypsin peptides. Red—peptides identified after trypsin digest and mass spectrometric analysis; black—peptides not found; green—
peptide identified only in the form of FITC conjugate. The Ntt830 residues are underlined; Panel II—CMV-Ntt830 coat protein peptides found
as FITC conjugates (green Lys symbols) or partially cut by trypsin. ¢,d The universal T cell epitope in CMV+t is recognized by primary human
CD4* T cells. ¢ Human PBMCs from four individual donors were labeled with CFSE and cultured for 7 days upon stimulation with either CMV or
CMVt and CFSE fluorescence was assessed by flow cytometry. Shown are representative scatterplots of CD4™ T cells stimulated with either
CMV or CMV+t. d Normalized percentages of CFSE-CD4™ T cells in 4 individual donors upon CMV (black) or CMV+t (gray) are displayed as

mean + SEM. *p < 0.01 in a two-tailed, unpaired student’s t test

(Fig. 1d) and UV spectroscopy (Fig. 1e) confirmed preserved RNA
incorporation. Mass spectroscopy confirmed one major peak of
the expected size (Fig. 1f). CMV1-VLPs were stable for at least
12 weeks both at —20°C or 4°C (Suppl. Fig. 2). This was further
confirmed by DLS analysis showing stability with only a low
tendency to aggregate generation as indicated by a second peak
with increased mean hydrodynamic size (Z (av)).

Structure of CMVq VLPs

We next characterized the molecular structure of the newly
generated CMV VLPs by cryoEM. High resolution images were
captured (Fig. 2a) and more than 6600 VLPs were picked for
averaging, resulting in several 2D classes of VLPs (Fig. 2b); the best
of these were used for 3D- classification. This allowed construction
of a 9 A model, followed by refinement to 4.2 A (Figs. 2¢, d), and
fitting of the primary sequence into the structure (Fig. 2e). The
structure of CMV+r appeared largely identical to the parent CMV
particles (RMSD 1.8 A), particularly at the surface. Specifically, the
subunit arrangement of the asymmetric unit (chains A, B and C)
was identical between the parent virus and the modified VLPs. The
AA dimers were arranged at the 5-fold axis and the BC dimers
around the 3-fold/ pseudo 6-fold axis. Upon closer inspection
there were minor differences in the spatial location of the
backbone polypeptide in the capsid interior, most likely due to the
lack of native viral capsid-genome interactions in the recombi-
nant VLPs. Instead, the modified VLP exhibited additional electron
density displaying 3-fold symmetry within the interior cavity (Fig.
2d, orange color), indicative of novel ordered structures, most
likely reflecting tightly bound internal RNA. Interestingly, their
relative location and resemblance to tightly-associated RNA
species would suggest they might contribute towards stabilizing
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of intra-subunit associations underlying the overall stability of the
particles. A further intriguing aspect of the structure is the
relatively large pore size, which may allow for the exchange of
naturally bound RNA by other poly-anions or other cargo.

A straightforward method to display antigens of choice on the
surface of VLPs is through chemical coupling to surface exposed
Lys. We therefore mapped all surface exposed Lys in the VLP-
structure (Fig. 3a). Next, FITC conjugation to CMV+y, followed by
trypsin-digest and MS was used to identify Lys residues
functionally available for coupling. This showed that 4 of 8 tryptic
peptides generated were detected with the FITC modification (Fig.
3b). One surface located Lys-containing peptide (GSYYGKR, green
letters in Fig. 3b, Panel I) was completely modified by FITC. In all
other cases, both unmodified and FITC-modified peptide forms
were found. These results correspond well to the cryoEM structural
model, which shows several surface located Lys to be orientated
inwards thereby providing insufficient space for multiple
crosslinker-VLP interactions. lonic charge also was an efficient
predictor of coupling, since two prominent surface exposed Lys
(equivalent to K79 and K116 in the wild type virus) located in
acidic patches did not couple to FITC, while K88 residing nearby
but with different charge was efficiently modified. Taken together,
these data provide an in-depth structural characterization of the
novel VLP-species and confirm that ample surface-exposed lysine
residues are present to allow chemical cross-linking to antigenic
epitopes of choice.

Recognition of the universal T cell epitope in CMV1r by human
CD4* T cells

In order to test recognition of the tetanus-derived universal T cell
epitope, human PBMCs were labeled with CFSE and stimulated
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with either wild type or CMVq; followed by measurement of
proliferation by assessment of the frequency of CFSE®“ CD4"
T cells 7 days later. With each cell division, cellular CFSE-labeling is
reduced by 50% and CFSE™" CD4" T cells therefore represent
T cells having undergone cell division. The frequency of these cells
was much higher in PBMC cultures stimulated with CMVr
compared to those stimulated with CMV wild type, in fact
comparable to proliferation of cells stimulated with pure tetanus
toxoid as positive control, thereby confirming robust recognition
of the universal T cell epitope in CMVq (Fig. 3c, left upper
quadrant and Fig. 3d). Therefore, incorporation of the universal T-
epitope in CMVqy boosts T-cell responses in randomly selected
primary human T cells.

Generation of a vaccine against psoriasis

We next proceeded to design clinically relevant vaccine proto-
types based on CMV+ to explore functional performance. First, we
focussed on Interleukin 17 A (IL17A), a pro-inflammatory cytokine.
Antibodies targeting IL17A are highly effective in psoriasis,
a skin condition affecting between 1 and 4 % in most global
populations.® Despite an excellent safety and efficacy profile, the
high cost of IL17-targeting biologics severely restricts access to
this treatment. Replacing these antibodies by vaccination against
IL-17A therefore has the potential to vastly increase access to
treatment for a wide range of patients (reviewed in ref. 20) as well
as be useful for other conditions, as we have previously shown
using an earlier VLP-based IL17 vaccine.?’ To test the performance
of a CMVyp based anti-IL17A vaccine for psoriasis, we first
generated a vaccine prototype by conjugation of full-length,
dimeric murine IL-17A to CMVy (Figure S3). Next, mice were
immunized with different doses of the IL-17 CMVyr vaccine
preparation, resulting in high anti-IL-17A IgG levels, after as low a
dose as 0.5 pg (Fig. 4a), but not to the most highly conserved IL17
isoform, IL-17F (Fig. 4b), confirming high selectivity of the induced
response.

Preclinical efficacy of the IL17CMV+

We next assessed the ability of the vaccine to reduce psoriatic
disease in vivo, employing the widely used IL17-dependent
imiquimod model*® in a direct head-to-head comparison to a
high-affinity monoclonal IL17 antibody. As shown in Fig. 4c, serial
measurement of ear thickness revealed an approximately 50%
reduction of ear swelling in animals receiving either protective
vaccination or treatment with IL17A antibody. The same was
observed in ex-vivo quantification of epidermal thickness by
histology (Fig. 4d/e). Efficacy of the vaccine was also equivalent to
the anti-IL17 antibody when tested in dorsal skin (Figure S4).
These data suggest that a CMVyr based IL17A-vaccine is
equipotent to a monoclonal anti-IL17A antibody in mice.

Immunogenicity under limiting conditions

In clinical practice, eliciting an effective immune response in the
vast majority of vaccine recipients can be a major challenge. In
psoriasis, an ageing demographic may contribute to a sub-optimal
immune responses. In order to obtain evidence whether
incorporation of the TT-epitope would boost immunogenicity in
poor responders, we emulated sub-optimal vaccine conditions,
both by reducing the vaccine dose to the threshold required for a
response (0.5 pg) and studying aged mice (10 months). Indeed, as
shown in Fig. 4f, we observed an increased formation of IL17A IgG
in response to vaccination in mice that had received a DPT-
vaccination prior to IL17A vaccination. The same trend was
independently observed in young mice (Figure S5). These data
suggest that inclusion of a tetanus-derived epitope augments
immunogenicity under limiting conditions.

Published in partnership with the Sealy Center for Vaccine Development

Absence of endogenous IL-17 boosting, reversibility, and ability to
re-vaccinate

Finally, we characterized additional parameters important for
clinical applications. First, high local IL17A levels in the skin during
a psoriasis-flare could theoretically cause an endogenous boosting
of anti-IL17A titerss. We therefore simulated a psoriasis flare by
application of imiquimod cream to mice having received prior
anti-IL17A vaccination. However, we did not observe any effect of
this treatment on antibody titerss (Fig. 4g). Next, we determined
long-term titers kinetics. In confirmation of previous experience
with VLP-type therapeutical vaccines in humans, anti-IL17A IgG
titerss were reversible after approximately 10 weeks (Fig. 4h).
Importantly, a single 3-monthly vaccine booster shot was able to
maintain IL17A IgG titerss (white symbols). Furthermore, an
alternative boosting regimen applied as single triple-boost after
six months was able to re-induce antibody titerss without causing
high titers ‘super boosting’. We conclude that CMVr-based IL17A
vaccination results in potent, reversible, and re-boostable anti
IL17A IgG titers in mice, devoid of endogenous boosting during
psoriasis-like flares.

Safety of IL17-vaccination

In terms of safety of an IL17-targeting vaccine approach, it is worth
noting that, to date, in excess of 5000 patients have been
continuously exposed to neutralizing anti-IL17 action (ixekizumab,
secukinumab, brodalumab) for at least five years as part of long-
term extension clinical trials as well as post-marketing. This
extensive clinical dataset has not identified any delayed-onset
safety aspects. This duration of IL17 neutralization by far exceeds
the expected duration of anti-IL17 suppression effected by a VLP-
vaccine based approach, suggesting the latter is unlikely to add
safety concerns. In terms of non-target related autoimmune-
issues, previous experience with VLP-based vaccines (angiotensin,
IL1-targeting vaccines) has not uncovered off-target non-specific
T-cell activation facilitating undesired autoimmune effects.
Although clinical trials will be required to confirm safety, presently
available data therefore do not indicate principle safety limitations
of this approach.

Generation of a vaccine against cat allergy

Allergy to cats is highly prevalent and affects up to 10% of the
common population. It is not restricted to cat owners,”® and often
has major secondary effects on other atopic conditions such as
eczema or asthma. The currently available treatment, specific
immunotherapy, lacks consistent efficacy and is fraught with
safety issues. Thus, widely available effective treatment for this
condition would have significant health benefits. The major
allergen responsible for most allergies against cats world-wide is
feline domesticus 1 (Fel d 1)** a 35-39kDa heterodimer.”> We
have previously shown that recombinant Fel d 1 displayed on
VLPs derived from the bacteriophage QP efficiently confers
protection in a murine model of cat allergy.?® To extend these
findings to CMVq-VLPs, recombinant Fel d 1, produced as
described previously,”® was coupled to CMVyr via a small Cys
containing linker?® (Fig. 5a). To test the immunogenicity of the
vaccine, mice were immunized with Fel d 1 either soluble, mixed
with CMVr particles or coupled to CMVq particles. Fel d 1
coupled to CMV+r was highly immunogenic and induced a 10-100
fold stronger antibody response than free Fel d 1 or Fel d T mixed
with VLPs (Fig. 5b), demonstrating potent immunogenicity
depended on presentation by the CMV1-VLP.

The main safety limitation of specific immunotherapy against
cat allergy is the risk of severe anaphylactic reactions. We
therefore tested whether Fel d 1 coupled to CMV+r would carry
a lower risk of anaphylaxis than free Fel d 1. To this end, we
stimulated basophils in whole blood from an allergic human
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donor with either free Fel d 1 or Fel d 1 conjugated to CMV¢y and
assessed basophil activation. As expected, free Fel d 1 induced
strong basophil degranulation over a wide range of concentra-
tions (Fig. 5¢). By contrast, degranulation after stimulation with
similar amounts of conjugate Fel-CMVt was greatly reduced (Fig.
5d). Thus, VLP-coupling effectively reduces the anaphylactic
reactivity of this potent antigen.

The therapeutic potential of the vaccine Fel-CMV+r was tested
next. BALB/c mice were rendered allergic by injection of low doses
of natural Fel d 1 in Alum to induce Fel d 1 specific IgE. Mice were
then injected either with Fel d 1-CMV17 or unconjugated CMV+t as
a control. Two weeks after injection, mice were re-challenged with
the allergen and anaphylactic responsiveness was quantified intra-
vital by serial measurement of change in body core temperature
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Fig. 4 Immunogenicity and specificity of the immune response generated by vaccination with a CMV-based anti IL17A vaccine in mice. a
Female C57B/6j mice aged 8 weeks (n =4 per group) were immunized as detailed in the text and anti-IL17A IgG titers determined based on
half-maximal OD450 values, as previously described.'® b Specific IgG antibody titers ELISA assays of n =4 mice were performed with plating
either recombinant murine IL17A (black circles) or IL17F (open circles). ¢ The therapeutical effect of IL17A-vaccination on psoriasis-like disease
in mice. Female C57B/6j mice (n =5 per group) were vaccinated three times (day 0, 14, 28) with 50 pl (2.5 pg) of vaccine. Two weeks after the
last vaccine booster, imiquimod cream was applied daily to the ears and dorsal skin (see Methods). Comparator groups were mice not
receiving any treatment, non-immunized mice receiving direct anti-IL17 antibody injection, and untreated mice, as indicated in the figure. Ear
thickness was determined on the days indicated. Data shown represent average +s.d. *p < 0.05 (two-tailed T-test). d, representative H&E-
based histology of mice shown in ¢ sacrificed on day 8. e. Quantification of epidermal thickness in all samples. **p < 0.01. f The effect of
tetanus-pre-vaccination on IL17A-vaccine immunogenicity. Female C57/B6j mice at young (a, 10 weeks) or advanced (b, 10 months) age
received either no (open symbols) or DPT-prevaccination (closed symbols). Four weeks later, 0.5 pug of IL17A vaccine was administered on days
0,14,28 and IL17A titers determined by ELISA. *p < 0.05 (two-tailed t-test). g Endogenous boosting. Female C57B/6j mice (n=5 per group)
received triple IL17A vaccination (0,2,4 weeks) followed by no treatment (dark shaded) or one week of imiquimod treatment (light shaded)
identical to that employed in Fig. 3. IL17A-IgG titers were measured by ELISA. h Long-term anti-IL17A titer kinetics. Female mice were
vaccinated at baseline (0,2,4 hatched arrows on bottom), followed by booster vaccination either as single injection every three months (white

symbols and arrows), or one single triple injection booster after six months (black symbols). Data shown are average and SEM

<

(Fig. 5e). Control mice that had received the VLP alone showed a
severe drop in temperature, indicative of a strong systemic allergic
reaction. In contrast, mice immunized with the vaccine Fel-CMV
were largely protected (Fig. 5e). Since desensitization to IgE
mediated cat allergy ranks as a challenging test for anti-
anaphylactic treatments, the data presented here suggest that
CMV+ exhibits favorable performance characteristics applicable to
the development of therapeutic vaccines for allergies.

Generation of a vaccine against Alzheimer’s disease

Alzheimer’s disease is one of the biggest issues in global health
care. In terms of pathogenesis, treatments targeting both tau-
protein (TauRx phase Ill), as well as B-amyloid*’ have yielded
disappointing results in clinical trials. Based on recent study
results, it is possible that alternative and/or a combination of
pathways need to be targeted. In addition, early intervention,
preceding clinical symptoms, may be required. In terms of the
so-called amyloid hypothesis, there is evidence that early dosing
with antibodies specifically targeting N-terminal AB;_4, may be
effective.® Clearly, frequent administration of antibodies over
decades in patients without clinical symptoms would be
impractical. By contrast, a prophylactic vaccination approach
could be a viable public health intervention. As most Alzheimer’s
patients are elderly, the CMVq; platform may confer significant
advantages in terms of efficacy. In order to obtain initial data
supporting this notion, we tested whether a CMV based vaccine
against AB;_¢ would induce the species of antibodies thought to
be protective, that is, IgG antibodies recognizing aggregated
human AB;_4, in the brain of Alzheimer’s patients. To this end, we
coupled AB;_s, i.e, the N-terminus of AB;_4» to CMVir (ABq_s-
CMV1) or VLPs without the tetanus epitope (ABi_¢-CMVy, Fig.
6a). The control vaccine as such is analogous to the CAD106
vaccine currently undergoing clinical testing (NCT02565511), as
both are VLP-based vaccines coupled to the same epitope.

In order to show enhanced immunogenicity by vaccination with
Abeta-CMV containing the TT epitope, 8 weeks old C57BL/6 mice
were primed with Infanrix, a hexa-valent vaccine for children
against Tetanus and other infections e.g., diphtheria, pertussis,
hepatitis B, polio, and haemophilus influenza B. After four weeks,
mice either primed with Infanrix or left untreated were immunized
with 10 pg, 1 pg or 0.1 ug of Abeta-CMV TT vaccine and the anti-
Abeta IgG response in serum was analyzed (Fig. 6b). In comparison
to the unprimed control group, mice that were primed with
Infanrix showed an increased immune response especially early
on day 5 and 7 after vaccination against Abeta peptide
independent of the dose amount.

In order to study whether the increased immunogenicity also
holds true in older animals, six months old BALB/c mice were
either pre-immunized against Tetanus or left untreated as control
before immunization with 1 ug of AB;_-CMVr or ABi_¢-CMVyyr.
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Vaccination with CMV{; compared to CMVyy vaccine already
induced a stronger response regardless of whether mice had been
primed against tetanus (Fig. 6¢, compare “only AR -CMVy" with
“Infanrix + AB-CMVy1"). Immunogenicity of AB-CMV+r vaccine was
even further increased when mice were primed against tetanus
(Fig. 6¢, compare “Infanrix + AB-CMV7” with “only AB-CMV+47").
Thus, young and old mice immune to tetanus mount an enhanced
response to an Alzheimer’s vaccine based on CMV1.

To assess whether the induced antibodies exhibited the right
specificity, serum antibodies of mice immunized with AB;_¢-CMVt
vaccine were tested for their ability to recognize plaques of AR in
brain sections from Alzheimer's patients (Fig. 6d-f). Antibodies
induced by active immunization with the AR ;_s-CMV vaccine
(Fig. 6f) recognized Alzheimer’s plaques on human brain sections
similar to as a monoclonal antibody raised against AR peptide
1-17 (Fig. 6d). Serum from immunized but not control mice
recognized both AB;_4, by ELISA (not shown) as well as plaques in
brain sections from Alzheimer’s patients, indicating that AB;_s-
CMV1; was able to induce antibody responses of the desired
specificity (Fig. 6e,f).

METHODS
Ethics statement

All studies involving either animal and/or human samples were subject to
prior approval by the respective local ethics committees. For studies using
mice, methods were performed in accordance with relevant regulations
and guidelines. Methods were approved by the animal ethics research
committee of the University of Dundee as part of the standard operating
procedure for study approval for project licence 60/4944. Studies involving
human tissue for Alzheimer histology were overseen by KEK Zirich ethics
committee. Tissue was ascertained as part of a KEK-approved project
(Adriano-Aguzzi/i2016). According to local governance regulation, use of
anonymised slides for KEK-approved projecxts involving post mortem
tissue is not subject to post-hoc individual consenting.

Isolation and cloning of a coat protein (CP) of cucumber mosaic
virus (CMV)

The total RNA from CMV-infected lily leaves collected from a private
garden in Riga, Latvia, was isolated using TRI reagent (Sigma, Saint Louis,
USA) in accordance with manufacturer's recommendations. For cDNA
synthesis, OneStep RT-PCR kit (Qiagen, Venlo, Netherlands) was used. For
amplification of the CMV CP gene, the primer sequences were chosen
following analysis of CMV sequences from GenBank: CMcpF (CACCATG-
GACAAATCTGAA TCAACCAGTGCTGGT) and CMcpR (CAAAGCTTAT-
CAAACTGGGAGCA  CCCCAGATGTGGGA); Ncol and  Hindlll sites
underlined. The corresponding PCR products were cloned into the
PTZ57R/T vector (Fermentas, Vilnius, Lithuania). E. coli XL1-Blue cells were
used as a host for cloning and plasmid amplification. To avoid RT-PCR
errors, several CP gene-containing pTZ57 plasmid clones were sequenced
using a BigDye cycle sequencing kit and an ABI Prism 3100 Genetic
analyzer (Applied Biosystems, Carlsbad, USA). After sequencing, the cDNA
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Fig. 5 Generation of a vaccine against cat allergy. a Analysis of the recombinant Fel-CMV vaccine. SDS Page (NuPage 4-12% Bis-Tris) was run
under denaturing and reducing conditions. Lanes from left to right: 1-MW markers (Invitrogen, SeeBlue Prestained), 2-purified CMV VLP (~ 25
kDa coat protein monomer), 3-derivatized CMV-VLP after reaction with SMPH (bands in order of ascending size corresponding to VLP
monomers, dimers, trimers etc. resulting from cross-linking), 4-purified Fel d 1 (~20 kDa), 6/7-vaccine Fel-CMV+r following conjugation with Fel
d 1 protein, loaded amount of VLP 5 pg and 10 pg, 9/10-Fel-CMV+ after removal of uncoupled Fel d 1 by ultrafiltration, loaded total protein
amount of VLP 5pug and 10 ug. Samples were derived from the same experiment and were processed in parallel. b Immunogenicity
assessment in Balb/C mice that received 1 ug of Fel d 1 protein in three versions: free, mixed with or coupled to CMV+r intravenously on day 0.
Blood was collected on days 0, 7 and 14 and analyzed for Fel d 1 specific total IgG titers (OD50). ¢, d Basophil activation test was performed
with whole blood from a cat-allergic patient. Blood samples were incubated with different amounts of free recombinant Fel d 1 ¢ or
recombinant Fel d 1 coupled to CMV+ d. Untreated, anti-FceRI, fMLP and natural Fel d 1 served as controls. e Fel d 1 allergen challenge in-vivo.
Mice were sensitized with natural Fel d 1 and vaccinated with Fel-CMV+t vaccine or CMV VLP alone. To show protection of sensitized mice
upon immunization, mice were challenged with 3 pg natural Fel d 1 in 150 pl PBS i.v. Mean temperature changes (°C) in Fel-CMV+t vaccine or
CMV+1-VLPs-vaccinated mice +/- SEM are shown (n =5). After 40 min CMVr-vaccinated mice were sacrificed because of severe anaphylactic

symptoms

of CMV CP gene without sequence errors coding for CMV coat protein was
then subcloned into the Ncol/Hindlll sites of the pET28a(+) expression
vector (Novagen, San Diego, USA), resulting in the expression plasmid pET-
CMVyr.

To replace the original amino acids at the N-terminus of CMV CP against
foreign epitope sequences, as a template for PCR amplification and
mutagenesis the pET-CMVyr plasmid was used. Internally in CMV\y1 gene
located Sall site (Fig.1) was used for cloning corresponding PCR products.

To introduce the tetanus toxoid epitope coding sequence in CMVyyr
gene, two step PCR mutagenesis was necessary. For the first step
amplification following primers were used for PCR: pET-220 (agcaccgc
cgccgcaaggaa —upstream from pET28a+ polylinker, the amplified region
includes Bglll site) and CMV-tt83-1R (ATTTGGAGTTGGCCTTAATATACT
GGCCCATGGTATATCTCCTTCTTAAAGT). For the second round the PCR
product from the first round was diluted 1:50 and re-amplified with
primers pET-220 (SEQ ID NO: 11) and CMV-tt83Sal-R2 (GACGTC-
GACGCTCGGTAATCCCGATAAATTTGGAGTTG GCCTTAATATACTG).

To obtain CMV VLPs, E. coli C2566 cells (New England Biolabs, Ipswich,
USA) were transformed with the CMV1 CP gene-containing plasmid pET-
CMVrr. After selection of clones with the highest expression levels of target
protein, E. coli cultures were grown in 2xTY medium containing kanamycin
(25 mg/l) on a rotary shaker (200 rev/min; Infors, Bottmingen, Switzerland)
at 30 °C to an OD600 of 0.8-1.0. Then, the expression was induced with 0.2
mM Isopropyl-B-D-thiogalactopyranoside (IPTG), and the medium was
supplemented with 5 mM MgCl,. Incubation was continued on the rotary
shaker at 20 °C for 18 h. The resulting biomass was collected by low-speed
centrifugation and was frozen at -20 °C. After thawing on ice, the cells were
suspended in the buffer containing 50 mM sodium citrate, 5 mM sodium
borate, 5mM EDTA, 5 mM mercapto-ethanol (pH 9.0, buffer A) and were
disrupted by ultrasonic treatment. Insoluble proteins and cell debris were
removed by centrifugation (13,000 rpm, 30 min at 5 °C). The soluble CMVt
CP protein in clarified lysate was pelleted using saturated ammonium
sulfate (1:1, vol/vol) overnight at +4°C. Soluble CMVy; CP-containing
protein solution was separated from the cellular proteins by ultracen-
trifugation (SW28 rotor, Beckman, Palo Alto, USA; at 25,000 rpm, 6 h, 5 °C)
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in a sucrose gradient (20-60% sucrose in buffer A, without mercapto-
ethanol, supplemented with 0.5% Triton X-100). After dialysis of CMV-
containing gradient fractions, VLPs were concentrated using ultracen-
trifuge (TLA100.3 rotor, Beckman, Palo Alto, US; at 72,000 rpm 1 h, +5 °C) or
by ultrafiltration using Amicon Ultra 15 (100 kDa; Merck Millipore, Cork,
Ireland). All steps involved in the expression and purification of VLP were
monitored by SDS-PAGE using 12.5% gels.

Characterization of CMV+7 VLPs

The concentration of purified CMVyr was estimated using the QuBit
fluorometer in accordance with manufacturer’'s recommendations (Invitro-
gen, Eugene, USA). Concentrated VLP solutions (approximately 3 mg/ml)
were stored at+ 4 °C in 5 mM sodium borate, 2 mM EDTA, buffer (pH 9.0).
To demonstrate the presence of tetanus epitope in CMV VLPs, the mass
spectrometric analysis of the purified CMVy (also referred to as CMV-
Ntt830) VLPs was used. The stability of VLPs was investigated by thermal
denaturation in the presence of SYPRO-orange dye using a DNA melting
point determination program and a real-time PCR system MJ Mini (Bio-Rad,
Hercules, USA). This involved subjecting VLP samples to increasing heat
whilst monitoring fluorescence. The morphology of VLPs was confirmed by
applying samples (0.1-0.5 mg/mL) on glow discharged carbon coated
copper grids and observing by transmission electron microscopy using
JEM-1230 electron microscope (JEOL, Tokyo, Japan). Average sizes of VLP
preparations were determined by dynamic light scattering, assessed by
diluting to 1mg/ml and analyzing in Zetasizer Nano ZS instrument
(Malvern Instruments Ltd, Malvern, UK).

Trypsin-fingerprint/mass spectrometry

Reactive Lys residues available for chemical coupling of antigens were
determined by FITC-labeling free amino groups, FITC-modified coat protein
was separated in SDS/PAGE gel, the fragment was excised from gel and
digested with trypsin (Trypsin Profile IGD Kit, Sigma). VLPs (1.5 mg/ml in 50
mM Sodium borate, 2 mM EDTA, pH 9.0) were reacted with 20 mM FITC at
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Fig. 6 Immunogenicity of CMVt - based Alzheimer’s vaccine. a SDS-PAGE analysis (NuPage 4-12% Bis-Tris) of the Af;_¢-CMVt (left panel) and
ABi_s -CMV WT (right panel) vaccine was run under denaturing and reducing conditions. Lanes from left to right: 1/6 - MW markers
(Invitrogen, SeeBlue Prestained), 2-purified CMV VLP (~25 kDa coat protein monomer), 3-derivatized CMV-VLP after reaction with SMPH (bands
in order of ascending size corresponding to VLP monomers, dimers, trimers etc. resulting from cross-linking), 4/5-Ap-CMV following
conjugation of the antigen amount loaded 5 ug (4) or 10 ug (5). Samples were derived from the same coupling experiment and were
processed in parallel. b Immunogenicity assessment in young mice. One group of eight weeks old female C57BL/6 mice were primed with
Infanrix and the other group was left untreated. After four weeks, mice were immunized with 10 ug, 1 ug or 0.1 pg of Ap;_s -CMV+t vaccine.
Blood was collected on day 0, 5, 7 and 14 and analyzed for Ap-specific total IgG titers (endpoint). Mean values with SEM are shown of a
representative experiment with n=2-5 as indicated. Significances were obtained by a Mann Whitney test. ¢ Immunogenicity assessment in
old mice. Six months old Balb/C mice were primed with Infanrix® or left untreated. After 3 weeks, mice received 1 pg of Ap;_g-CMVr or 1 pg of
AB1_6~CMV WT vaccine intravenously. Blood was collected on day 0, 3, 7 and 14 and analyzed for Ap-specific total IgG titers (OD50). Mean
values with SEM are shown of a representative experiment with n = 8. Significances with p < 0.05 were obtained by a Mann Whitney test. d—f
Immunohistochemistry of human brain section of the hippocampus showing the dentate gyrus with Cornu Ammonis of an Alzheimer’s
patient. Formalin-fixed in paraffin embedded brain tissue of an Alzheimer’s patient was stained with d a mouse mAb generated against the Ap
peptide 1-17 as a positive control, e naive mouse serum from day 0 as negative control and f purified serum from mice immunized with Ap-
peptide 1-6 (from N-terminus) coupled to CMV¢ VLP from day 56. All samples were counterstained with hematoxylin. Dimensions are
depicted in pictures (100 um). Arrows indicate single Ap plaques

+4 °C for 24 h. Samples after FITC treatment were separated in 12% SDS-
PAGE, protein spots after Coomassie staining excized from gel and treated
with Trypsin using Trypsin Profile IGD Kit and protocol (Sigma, St Louis,
USA) ON +4 °C. The reaction mixture was purified using ZipTip tips (Merck
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Millipore, Cork, Ireland), diluted with a 3-hydroxypicolinic acid matrix
solution and spotted onto an MTP AnchorChip 400/384TF. MALDI-TOF MS
analysis was carried out on an Autoflex MS (Bruker Daltonik, Bremen,
Germany). The protein molecular mass (MM) calibration standard | (3-20
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kDa; Bruker Daltonik) and Peptide calibration standard Il was used for mass
determination.

T cell proliferation assays

Blood was obtained from human volunteers and peripheral blood
mononuclear cells (PBMC) were isolated by density gradient centrifugation
on Ficoll Paque (GE Healthcare, Chalfont St. Giles, UK). PBMCs were labeled
with 10 uM CFSE (Biolegend, San Diego, CA, USA) according to the
manufacturer’s protocol and cultured in RPMI-1640 (Gibco, Basel, Switzer-
land) supplemented with 5% of heat-inactivated human AB serum (Swiss
Red Cross, Bern, Switzerland), 2 mM L-Glutamine (Biochrom, Berlin,
Germany), 50 U/ml penicillin and 50 pg/ml streptomycin (Bioconcept,
Allschwil, Switzerland). During 7 days, the cells were stimulated with either
1 ug/ml CMV WT or CMVTT or left untreated. T cells were then stained with
anti-CD3-PerCp-Cy5.5, anti-CD4-PE-Cy7 (Biolegend, San Diego, CA, USA),
data acquired with BD FACSCanto™ and analyzed with FACS-Diva
software (BD Biosciences, Franklin Lakes, NJ, USA). This study was
approved by the local ethics committee.

CryoEM reconstruction to determine CMVy VLP structure

CMV+r (2.5 mg/ mL) in 5 mM sodium borate, 2 mM EDTA, pH 9 was applied
for 20 s to glow-discharged holey carbon-coated copper grids (C-flat, CF-2/
1-2 C; Protochips) in a humidified chamber (70% relative humidity), excess
sample being removed by blotting on to filter paper and grids rapidly
vitrified by plunging in to liquid ethane (Vitrobot, FEI). Cryo-grids were
stored in liquid nitrogen prior to imaging with a Tecnai F30 Polara
microscope (FEI).

CryoEM images were collected using a Tecnai F30 ‘Polara’ microscope
(FEI) at 300kV, equipped with an energy filter (GIF Quantum, Gatan)
operating in zero-loss mode (0-20 eV energy selecting slit) and a direct
electron detector (K2 Summit, Gatan). Movies (25 frames, each 0.2 s) were
recorded at 1.0-3.0 um underfocus in single-electron counting mode with
SerialEM at a calibrated magnification of 37,037x, thus resulting in a pixel
size of 1.35A. Frames from each movie were aligned and averaged to
produce drift-corrected micrographs.?’ Data are summarized in Table S1.

Structures were solved with RELION 1.3 according to recommended
gold-standard refinement procedures,”® and icosahedral symmetry was
applied. Micrographs showing signs of astigmatism or significant drift were
discarded and not used for further analysis. Reference-free 2D class
averaging was used to discard distorted particles. The particle population
was further improved by 3D classification. The X-ray structure of native
CMV (PDB: 1F15)%° was low-pass-filtered to 50 A and used as an initial
template for 3D classification and refinement. A total of 3582 CMVtt830
particles from 6600 micrographs were used to solve the final density maps
at 4.2 A resolution, as indicated by Fourier shell correlation and 0.143 cut-
off.

Using a similar approach as previously described,?*?' the CMV was fitted
in the density map as a rigid body with UCSF Chimera 32. The fitting was
improved further by real-space refinement using COOT 33 and Phenix 35.
Only the coordinates being refined each time, with the maps kept
constant. Cross-correlation guided each round of model optimization
between the map and the model.

Production of mIL17 protein

A nucleotide fragment codon optimized for E. coli was synthesized
(GeneArt Genestring, ThermoFisher Scientific, UK) encoding the murine IL-
17 (aa 26-158, accession: NP_034682) preceded by sequences for an
initiating methionine and glycine and coding region for a hexahistidine tag
at the N-terminus of the encoded protein, was followed by additional
sequences to give a polylinker of 5 glycine and terminal cysteine at the C-
terminus. This fragment was cloned by restriction digest (Ncol/ BamHI,
NEB, UK) in to a similarly double digested prokaryotic expression vector
(pET28b, Merck, UK). Resulting clones were confirmed by PCR colony
screen and sequenced using T7 promoter forward primer (TAATACGACT-
CACTATAGGG) and pET-RP reverse primer (CTAGTTATTGCTCAGCGG).
Murine IL-17 was expressed in E. coli strain BL21(DE3)Star (Thermo Fisher
Scientific, UK), culturing to OD600 of 0.7 and inducing with 1 mM IPTG
overnight (16-18h) at 37°C. Harvested cells were lysed in PBS, pH
7.4 supplemented with Lysonase™ as per manufacturers recommendation
(Merck, UK), incubating 1 h and sonicating lysate on ice (3 cycles of 20 s on,
20 s off, 40% power amplitude with a VibraCell fitted with microtip, Sonics
and Materials Inc, US). The lysate was clarified by high speed centrifugation
(15,000xg, 30 min) and the pellet was retained. The recombinant IL-17 was
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purified from the insoluble fraction as previously described.'® Briefly,
inclusion bodies (IBs) from the insoluble fraction were subjected to
sequential washes with 50 mM Tris pH 8, 10 mM EDTA, 100 mM NaCl buffer
(initially containing 0.5% Triton X 100 then 2% Triton x 100, then without
detergent). The IBs were solubilized with solubilization buffer (6 M
guanidine HCl, 10mM Tris.HCl, 100mM NaH,PO,, 2mM beta-
mercaptoethanol (BME), pH 8), insoluble debris removed by centrifugation
at 10,000 g, 20 min and clarified soluble fraction subjected to nickel affinity
chromatography (HisTrap Excel, GE Healthcare) under denaturing condi-
tions with low pH elution (50 mM NaH,PO,4, 100 mM Tris, 6 M Gdn-HCl, 2
mM BME with Buffer A, adjusted to pH 6.15; and Buffer B adjusted to pH 4).
This was followed by concentration (Amicon Ultra 3000 centrifugal filters,
Merck, UK) and further purification using size exclusion chromatography
(HiLoad Sephadex 75, GE Healthcare, UK).

Fractions containing purified miIL-17 as identified by a 16 kDa band
(predicted molecular mass of 16,378 Da) by Coomassie stained SDS-PAGE
were pooled. Note that proteins were ethanol precipitated and resus-
pended in reducing Laemmli buffer to remove guanidine prior to the
analysis by SDS-gel electrophoresis. The purified mIL-17 was still denatured
and therefore required refolding to native form. Sample was adjusted to a
concentration of <0.2mg/mL and refolding followed a 2-step dialysis
strategy. Dialysis tubing was subject to 3 buffer exchanges (2 L each) over
24h with 0.5M Arginine, 50 mM sodium phosphate (pH 8), 10% (v/v)
glycerol and redox pair (5mM reduced glutathione, 0.5 mM oxidized
glutathione). For the second step of dialysis, samples were dialyzed for a
further 24 h in to 50 mM sodium phosphate (pH 8), 10% (v/v) glycerol, with
at least 2 buffer exchanges (2 L each).

Production of psoriasis vaccine

The purified and refolded miL-17 was conjugated to CMVqr via the
heterobifunctional crosslinker, Succinimidyl-6-[(beta-maleimidopropiona-
mido)hexanoate] (SMPH, Thermo Fisher Scientific, UK). VLPs were reacted
with 7.5-molar excess of SMPH, for 30 min at room temperature (RT),
unreacted excess crosslinker being removed by 3 repeated diafiltration
steps using 100 k centrifugal filters. The recovered derivatised VLPs were
then mixed at equimolar concentration with mIL17 that was pre-treated
60 min at RT with 10-molar excess TCEP to liberate C-terminal cystines
(dimeric IL-17 has intramolecular disulfide bonds forming a cysteine knot
that are typically resistant to reducing reagents without denaturation).
Coupling efficiency was estimated by densitometry analysis of CMV
bands in Coomassie stained SDS-PAGE, comparing proportions of
monomer net intensity (NI) and monomer plus IL-17 NI after correcting
for relative MW (See figure S3B). Densitometric values were provided using
Image Lab 5.0 software (Bio-rad Laboratories) or equivalent image analysis
software. Coupling or epitope density for IL17 per VLP was calculated as
follows (eq1): IL17-CMV(NI/MW) / (£ VLP(NI/MW) + IL17-CMV(NI/MW)) x
number of protein per subunit=epitope density (ED). Expressed as a
percentage this gives an estimated coupling density of IL17-CMV of 8%,
meaning a minimum of 14 molecules of IL17 were covalently linked to
each particle (consisting of 180 CMV monomers).

In vivo clinical efficacy and immunogenicity of the IL17 vaccine in
mice

In vivo clinical efficacy was measured by dorsal skin and ear epidermal
thickness assessed macroscopically and with H&E histology. Ear thickness
measurements and body weight measurements were recorded at different
time intervals during the experiments using a micrometer (Mituyo catalog
nr 7301, Thickness Gage Series 7 Flat Anvil Type Dial) and a scale,
respectively. Ear samples and dorsal skin samples were taken, roughly 2 cm
by 2 cm, and fixed in neutral buffered 10% formalin. 2 ml of formalin was
used per 100 mg of tissue. Tissues were fixed for a minimum of 48 h at RT.
Tissue was then dehydrated through a series of graded ethanol
immersions. Once fixed, the tissue was processed as follows on a Leica
Peloris tissue processor: formalin x 2, 95% ethanol x4, 99% ethanol x 4,
xylene, 99% ethanol first paraffin wax and second paraffin wax. Wax was
melted by placing tissue cassettes in 58 °C paraffin bath for 15 min. Mold
that left 2mm margin of paraffin wax around the tissue was selected.
Molten paraffin was dispensed in mold and warm forceps were used to
transfer tissue into the mold, placing the cut side down. The mold was
transferred to a cold plate and gently the tissue was pressed flat. With the
tissue in the desired orientation the labeled tissue cassette was added on
top of the mold as a backing. After 30 min the wax was cooled and
hardened and the paraffin block is popped out of the mold. Tissues were
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then sectioned using a Leica microtome to 4 uM thickness. The sections
were dried in an oven at 37 °C. The tissue and paraffin attached to the
cassette has formed a block, which was stored at RT. Haematoxylin and
Eosin staining was performed using Leica Autostainer XL. The procedure
was as follows: tissue was placed in an oven at 60°C for 15min.
Deparaffinise sections, 3 changes of xylene, 30s each. Re-hydrate in 2
changes of absolute alcohol, 30 s each. 99% alcohol for 2 min and 95%
alcohol for 2 min. Wash in water for 30s. Stain in Harris haematoxylin
solution for 4 min. Wash in running tap water for 1 min. Differentiate in
0.1% acid alcohol for 1 min. Wash in water for 1 min. Bluing in saturated
lithium carbonate solution for 1T min. Counterstain in eosin solution for 20s.
Wash in tap water for 30s. Rinse in 95% alcohol for 30 s x 2 and rinse in
99% alcohol for 30sx 2. Rinse in Isopropyl alcohol for 30s. Clear in 3
changes of xylene, 30s each. Sections were coverslipped by Leica
Coverslipper CV5030 using DPX mountant.

Immunogenicity was assessed via measuring anti-IL-17A serum levels
with a series of ELISA experiments. Serum samples were acquired at
baseline, at each vaccination point and 2 weeks post final vaccination.
Samples of up to 200 ul were acquired at each point with tail vein blood
sampling. First Nunc-lmmuno 96 clear polystyrene MicroWell solid plates
were coated as follows. Recombinant murine (rm) IL-17 was diluted to a
concentration of 2 pg/ml in PBS and vortexed to allow adequate mixing.
100 pl of this mixture was added to each well of the plate using a multi-
channel pipette. The plate was covered with parafilm and stored at 4 °C for
up to 72 h. Wash buffer was made using PBS with 0.05% Tween20 and
blocking buffer made from the washing buffer composed of 2% BSA in PBS
with 0.05% Tween20. The plate was removed from the fridge, the liquid
expelled and the plates washed 3 times with 200 pl wash buffer per well.
250 pl blocking buffer was added to each well and the plates left for 150
min. Serum was serial diluted in wash buffer on 96-well plates to the
concentrations 1:10, 1:100 etc. Control serum, taken before any antibody or
vaccination injections, was used in each experiment and diluted to a
concentration of 1:100. This high concentration relative to the test samples
was used to allow for enough serum to be used for all the experiments.
Liquid was discarded from the blocked plate and the plate was washed 3
times as above. 50 pl of diluted serum was transferred onto the coated
plate, with each sample a duplicate of that sample was used. Empty wells
were filled with 50 pl sterile water for standardization purposes and the
plate incubated for 90 min on the shaker. Detection antibody was made
using Anti-mouse IgG labeled to alkaline phosphatase diluted in blocking
buffer to a concentration of 1:5000. Liquid was discarded from the blocked
plate and the plate was washed 3 times as above. 100 pl of detection
antibody was added to each well and the plates covered with parafilm and
left to incubate on the shaker for 45 min. Liquid was discarded from the
blocked plate and the plate was washed 3 times as above. 50 pl of alkaline
phosphatase yellow (pNPP) liquid substrate was added to each well and
the wells incubated on the shaker for 20 min. 5 ul of stop solution (3M
NaOH) was added to each well and the plate read in the
SpectraMaxM3 spectrophotometer at 405 nm. SoftMax Pro6.3 software
was used to read the plates. Absorbance instruments with endpoint
settings of 405 nm wavelength were used. ELISA data were analyzed using
a 3-parameter logistic fit according to standard sigmoid curve equation, Y
=MAX/(1 + (x/EC50)A(SLOPE)) where the minimum was set to zero after
subtracting the H20 optical densities from test values. Curve fitting was
done using the ‘solver’ add-in using the GRC-nonlinear fitting algorithm.

Residual tail vein blood samples known to be highly immunogenic for
IL-17A were used to test the specificity of the immune response generated
by the vaccine on ELISA plates coated with IL-17A and IL-17F. The same
blood samples were tested for both IL-17A and IL-17F and the ELISA was
run for both at the same time to minimize variables.

Expression and purification of Fel d 1

The sequence of Fel d 1 antigen 2>2?°3° comprises of chain 1 and chain 2
that were genetically fused via a 15-aa linker sequence (GGGGS); and
synthesized by GeneArt (Thermo Fisher Scientific, Germany). The COOH-
terminus was modified by a histidine tag (6x His) for purification purposes
followed by a small spacer (GGCG) including a cysteine for coupling. Our
version of the recombinant Fel d 1 has a predicted molecular mass of
20,147 Da. The encoding Fel d 1 sequence was cloned into the high level-
expression plasmid vector pET42. E. coli C25661 (NEB) were transformed
with the plasmid and cultivated at 37 °C. At a OD600 between 0.5 and 0.7
1 mM IPTG was added to the culture and placed at 20 °C overnight for
soluble protein expression. Cells were harvested and separated from
supernatant by centrifugation at 4800xg for 15 min at 4 °C. The cell pellet
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was resuspended in 50 mM NaH,PO,, 300 mM NacCl, 10 mM imidazole, pH
8.0 and sonicated for cell lysis. The solution containing the recombinant Fel
d 1 was cleared from cell debris by centrifugation at 16,000xg for 30 min at
4°C. The supernatant was collected and purified by a Ni-NTA (Qiagen)
column using the AKTA purifier. Recombinant Fel d1 containing a His-tag
bound to Ni-NTA and was washed with 50 mM NaH,PO,, 300 mM NaCl, 50
mM imidazole, pH 8.0, finally eluted in 50 mM NaH,PO,4, 300 mM NaCl, 250
mM imidazole, pH 8.0 and dialyzed against PBS overnight at 4°C. The
antigen authenticity was tested in a capture ELISA (EL-FD1, Indoor
Biotechnology) using mAbs that were raised against natural Fel d 1.

Production and immunogenicity testing of Fel d 1 vaccine

The purified Fel d 1 was conjugated to CMV VLPs using the crosslinker
SMPH. A 10-molar excess of SMPH reacted at 23 °C for 60 min shaking at
350 rpm. The side product was removed using PD10 desalting columns (GE
Healthcare). To gain access to the cysteine at the COOH-terminus of the
recombinant Fel d 1, the antigen solution reacted with a 10-molar access
of a mild reducing agent TCEP (Sigma) before a 2-molar excess of Fel d 1
was added to the derivatized CMV-VLP at 23°C for 3h at 350 rpm.
Unbound Fel d 1 protein was removed by Amicon Ultra centrifugal filter
devices (Millipore) and tested by SDS-PAGE analysis. CMV monomers
appear at ~25kDa and Fel d 1 protein at ~20 kDa. Due to crosslinking of
subunits, derivatization by SMPH leads to the characteristic ladder of CMV
monomers, dimer, trimers, tetramers, etc. The primary coupling band
appears as one CMV monomer linked to one Fel d 1 protein at ~45 kDA.
Coupling efficiency was calculated by densitometry (as previously
described for IL17A-CMV+7 vaccine) with a result of ~30% meaning 60
Fel d 1 molecules were linked to one particle.

To test immunogenicity, 8 weeks old Balb/c were immunized with 1 ug
of free Fel d 1, Fel d 1 mixed with or coupled to CMV¢t VLPs in 150 ul PBS
intravenously. Blood was collected at different time points and analyzed
for anti-Fel d1 antibodies by ELISA. Natural Fel d 1 (Indoor Biotechnologies)
at 1 pg/ml was applied overnight to NUNC ELISA plates which were then
washed and blocked with 2% BSA in PBS Tween 20 (0.05%). After washing,
serially diluted mouse sera were applied to the plates. After further
washing, goat anti-mouse IgG antibody labeled with horseradish
peroxidase was applied to the plates. Following a final washing step, O-
phenylenediamine dihydrochloride was added and, after 7 min, the
reaction stopped with 5% sulfuric acid. The conversion of OPD by HRPO
was measured at 450 nm. The titers is reported as OD50 which is the
reciprocal of the dilution which reaches half of the maximal OD value.

Basophil activation test (BAT)

The BAT assay (Buhlmann Co.) using whole blood from allergic patients
was tested for the up-regulation of the degranulation marker CD63 on
basophils (CCR3+)®' upon incubation with Fel d 1 and Fel d 1 couples to
CMV-VLPs by flow cytometry using a BD Fortessa. Briefly, 100 ul of
stimulation buffer was mixed with 50 ul of EDTA-treated whole blood. In
addition, 50yl of dilutions of natural Fel d1, recombinant Fel d1 and
recombinant Fel d 1 conjugate (Fel-CMV+y) were added. Positive control
solutions including an mAb against FceRl as well as an unspecific cell
activator (fMLP) were also tested in the assay. Staining dye (20 pl per
sample), containing anti-CCR3 Ab labeled to PE and anti-CD63 Ab labeled
to FITC, was added and incubated at 37 °C for 25 min. Erythrocytes were
subsequently lysed adding lysis buffer. After 10 min incubation, the
samples were centrifuged at 500xg for 5 min and washed with wash buffer
(PBS containing 2% FCS). After a second centrifugation step, the cell pellets
were resuspended in wash buffer and acquired using a flow cytometer
(FACS BD Fortessa). The samples were analyzed by DIVA software. The
percentage of the CD63 expression on CCR3+ basophils was analyzed.

Fel d 1 allergen challenge in-vivo

For Fel d 1 sensitization, two groups of 5 female 6-wk-old BALB/c mice
were injected with 1 pg natural Fel d 1 (Indoor biotechnologies) mixed in
200 pl Alum (10 mg/ml AI(OH)3; Alhydrogel adjuvant 2%, InvivoGen) at day
0, 7 and 14 intraperitoneal. At day 28 mice were vaccinated with 30 ug
vaccine Fel-CMVyt or only CMV-VLPs subcutaneously.

For the induction of anaphylaxis, two weeks after vaccination on study
day 42 mice were challenged with 3 ug natural Fel d1 in 150 ul PBS
intravenously. The rectal core temperature was measured with a rectal
probe digital thermometer (MiniTemp, Vetronic Services LTD) every 10 min
for 50 min after intravenous antigen challenge.
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Production of Alzheimer’s vaccine

CMV+r VLPs or CMV wildtype (WT) VLPs reacted with a 7.5-molar excess of
the crosslinker SMPH for 1 h at RT. A short 6-aa sequence (DAEFRH) from
the N-terminus from the full length AP peptide (1-42 aa) encoding with
terminal cysteine residue (GGC) purchased from Dr. Petra Henklein, Charite,
Berlin, Germany was conjugated in a 5-molar excess to the derivatised
CMV+r or CMVyt particles for 3 h at RT. The vaccine was analyzed by SDS-
PAGE to confirm coupling of peptide to CMVyr or CMVyr particles. CMV
monomers appear at ~25 kDa. Due to crosslinking of subunits, derivatiza-
tion by SMPH leads to the characteristic ladder of CMV monomers, dimer,
trimers, tetramers, etc. Coupling bands appear above CMV monomer when
one peptide (~1 kDa) bound to CMV momoner (coupling product ~26 kDa)
or two peptides bound to CMV monomer (coupling product ~27 kDa).
Coupling bands of peptide(s) to CMV dimers appear above CMV dimer
accordingly. The coupling efficiency (described previously for IL17A-CMVr
vaccine) was calculated by densitometry resulting in ~60% meaning
approximately 108 peptide molecules were linked to each VLP.

Immunogenicity assessment of Alzheimer’s vaccine and
assessment of TT enhancement

To test the TT enhancement, 6 months old female Balb/C mice were
primed with Infanrix (1/5 dose per mouse). A control group of mice were
left un-primed. After three weeks, mice were immunized with 1 ug AB_6-
CMV1r- or AB;_s-CMVy1- vaccine intravenously. Blood was collected on
days 0, 3, 7 and 14 and analyzed for serum A specific IgG antibodies as
described previously. The antibody titers is reported as OD50 which is the
reciprocal of the dilution which reaches half of the maximal OD value.

Immunohistology of Alzheimer’s patients’ brain sections

Sections of paraffin embedded brain (hippocampus) tissue of an
Alzheimer’s patient were prepared with a microtome. After deparaffinising,
sections were blocked in BSA with normal horse serum. A monoclonal
antibody raised against AB;_;; (Abcam ab11132), or by Protein G-purified
mouse serum from day 0 (pre-immune) or day 56 (post-immune) after one
immunization were applied to sections for 1h at RT. To detect specific
binding all pre-treated brain sections were incubated with a biotinylated
horse anti-mouse IgG (Vectorlabs BA2000) for 30 min at RT, first and next,
incubated with streptavidin labeled with AP. Binding was visualized by
substrate Fast Red from Sigma. Subsequently, in order to visualize nuclei a
counterstain using hematoxylin was performed. Stained slides were
digitalized at 0.25 um per pixel resolution using a ScanScope XT (Aperio,
Vista, CA, USA). Full-slide scans were stored as high-resolution (0.21
microns/pixel). Regions of interest were processed using ImageScope
software (Aperio).

Data availabality statement

The cryo-electron microscopy density map for CMV-tt VLP structures have
deposited with the Electron Microscopy Data Bank: EMD-3855 and
associated atomic coordinates submitted to the Protein Data Bank with
accession number PDB: 50W6.
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Background: Insect-bite hypersensitivity is the most common
allergic dermatitis in horses. Excoriated skin lesions are typical
symptoms of this seasonal and refractory chronic disease. On a
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cellular level, the skin lesions are characterized by massive
eosinophil infiltration caused by an underlying allergic
response.
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Objective: To target these cells and treat disease, we developed a
therapeutic vaccine against equine IL-5 (eIL-5), the master
regulator of eosinophils.

Methods: The vaccine consisted of elL.-5 covalently linked to a
virus-like particle derived from cucumber mosaic virus
containing the tetanus toxoid universal T-cell epitope tt830-843
(CMV¢y). Thirty-four Icelandic horses were recruited and
immunized with 400 pg of eIL-5-CMVyr formulated in PBS
without adjuvant (19 horses) or PBS alone (15 horses).
Results: The vaccine was well tolerated and did not reveal any
safety concerns but was able to induce anti—eIL.-5 autoantibody
titers in 17 of 19 horses. This resulted in a statistically significant
reduction in clinical lesion scores when compared with previous
season levels, as well as levels in placebo-treated horses.
Protection required a minimal threshold of anti—eIL-5
antibodies. Clinical improvement by disease scoring showed
that 47% and 21% of vaccinated horses reached 50% and 75%
improvement, respectively. In the placebo group no horse
reached 75% improvement, and only 13% reached 50%
improvement.

Conclusion: Our therapeutic vaccine inducing autoantibodies
against self IL-5 brings biologics to horses, is the first successful
immunotherapeutic approach targeting a chronic disease in
horses, and might facilitate development of a similar vaccine
against IL-5 in human subjects. (J Allergy Clin Immunol
2018;142:1194-205.)

Key words: Allergic dermatitis, eosinophils, vaccination

Insect-bite hypersensitivity (IBH) of horses, also known as
sweet itch, summer eczema, kasen, or Queensland itch, manifests
as chronic relapsing seasonal allergic dermatitis caused by the
biting of insects of the genus Culicoides.'”

Culicoides species midges are found in various areas of the
world.®® The incidence of IBH correlates strongly with the
geographic distribution of Culicoides species, showing the high-
est incidence in some parts of Australia (60%).”"" Overall,
approximately 10% of all horses worldwide are affected by
IBH,'”""” and in principle, all breeds can succumb to the allergic
disease. During warmer months of the year, IBH-affected horses
experience hairless, weeping, and sometimes even ulcerative le-
sions caused by inflammation and severe itching. Lesions are
characterized by hyperkeratosis, lichenification of the skin,
bleeding, swelling, scales, and crust formation. Histologic hall-
marks of IBH lesions are thickening of the stratum corneum,
epidermis, and dermis, with abundant fibrosis in the latter.”
Commonly, secondary infections with bacteria, mites, and fungi
can cause further local irritation, enhancing lesion formation.
Although IBH was first described in 1840 and is currently the
best characterized allergic disease in horses, treatment options
are still poor, and currently, no satisfactory treatment of IBH is
available.”'°

IBH is classified as IgE-dependent type I allergy,'” with a
strong involvement of type IV allergic hypersensitivity reac-
tions.*'® In addition to IgE-mediated cross-linking of FceRI
on mast cells and basophils with subsequent histamine release,
type I allergies also consist of a late-phase reaction with eosin-
ophilia and recruitment of eosinophils into the allergic site. In-
tradermal injection of Culicoides species extract into
IBH-affected horses leads to recruitment of Ty2 cells and
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Abbreviations used
CMV: Cucumber mosaic virus
CMVrr: Cucumber mosaic virus containing the tetanus toxoid uni-
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MALDI: Matrix-assisted laser desorption ionization
MS/MS: Tandem mass spectrometry
PBST: PBS-Tween 0.1% (vol/vol)
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eosinophils to the injection site.'” Moreover, in addition to
the role of IgE and type I allergy in the setting of IBH, an
involvement of cell-mediated type IV allergic reactions, also
called delayed-type hypersensitivity, has been discussed in
recent years.'®

Type IV allergies can be divided into 4 subgroups: (ie, types
IVa, IVb, IVc, and IVd) depending on the cell types involved.
Type IVb allergy is strongly associated with IL-5—producing Ty2
cells, eosinophilia, and eosinophilic type of inflammation®’ and
reflects the clinical manifestations of skin inflammation in IBH,
which are characterized by edema and eosinophil accumulation
in perivascular clusters in deeper parts of the dermis.”’ These
enhanced eosinophils counts represent the predominant inflam-
matory cell type accumulating in IBH lesions.”'** Activated eo-
sinophils release granule enzymes and other effector molecules,
such as histamine, eosinophil-derived neurotoxin, cysteinyl leu-
kotrienes, and major basic protein. Major basic protein triggers
degranulation of mast cells and basophils, thereby further
enhancing allergic symptoms.23 Cysteinyl leukotrienes derived
from arachidonic acid are inflammatory mediators contributing
on multiple levels to an allergic reaction, thereby making an
eosinophil a very effective cell type to cause strong allergic symp-
toms during late-phase and delayed-type reactions. Therefore
eosinophil degranulation can mediate hyperreactivity, inflamma-
tion, and local tissue damage, thus potentially driving the pathol-
ogy of IBH.*

To dampen eosinophil activity, we decided to target the
lineage-specific eosinophil master regulator IL-5, which is a
Ty2-type cytokine produced mainly by Ty2 cells and also by mast
cells. Eosinophil development in the bone marrow is critically
dependent on IL-5.%*° Moreover, eosinophil release into blood
circulation is mediated by IL-5, and the cytokine plays a key
role in eosinophil activation.”” Also, IL-5 increases survival of
tissue-resident inflammatory eosinophils.”®* Mice either vacci-
nated against murine IL-5 or IL-5-deficient knockout mice
show strongly reduced levels of blood eosinophils and
eosinophil-mediated inflammation.”®** Furthermore, mepolizu-
mab, a humanized anti—-IL-5 mAb, significantly reduced circu-
lating eosinophil counts in human subjects and has shown
clinical efficacy in patients with eosinophil-mediated diseases,
such as eosinophil-mediated asthma and hypereosinophilic syn-
drome.”®** Thus blocking IL-5 can lead to effective control of
IBH.

Instead of targeting IL-5 with mAbs,” which is not a realistic
approach because of the weight of a horse, we developed a
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virus-like particle (VLP)-based therapeutic vaccine that induces
IL-5 autoantibodies in the host. VLPs are supramolecular
structures composed of multiple copies of 1 (or more) recombi-
nantly expressed structural viral proteins, which spontaneously
assemble into capsid particles but lack genetic information and
therefore do not have replicative capacity, which is an important
safety aspect. The highly repetitive surface, particulate structure,
and induction of innate immunity through pathogen-associated
molecular patterns is responsible for induction of fulminant B-
and T-cell responses.’®’ VLPs can be derived from a large
number of viruses, including bacteriophages and plant
viruses,”**” and are used for the development of a wide range
of different prophylactic and therapeutic vaccines.

Here we used a recently developed and novel VLP platform
based on the cucumber mosaic virus containing the tetanus
toxoid universal T-cell epitope tt830-843 (CMVrt) to enhance
Ty cell-dependent IgG responses for antigens displayed on
the VLP surface.”” We show that a vaccine consisting of equine
IL-5 (elL-5) chemically linked to CMVt-VLPs induces potent
anti—elL-5 antibody responses, which improve symptoms of
IBH in horses.

METHODS

Horses and clinical study

All study horses were Icelandic horses and privately held by their owners.
All clinical studies were approved by the respective cantonal veterinary
authorities. All horse owners signed informed consent. The clinical study was
performed as a double-blind, placebo-controlled randomized trial; neither the
person that performed the clinical trial nor the horse owners knew the group
identity of the horses. The independent vaccine filler has randomized the study
and was not involved in any clinical part of the study.

IBH lesion scoring

For IBH symptom scoring, all locations (tail, mane, belly, flank, face, ear,
leg, and the like) at which IBH lesions occurred were recorded. Each location
was divided into 3 parts: up, middle, and down. Furthermore, according to the
number of lesions, each location was classified as light or strong, depending on
the frequency of lesions within the particular area. Depending on how many
parts are affected (up/middle/down) and how many lesions per location were
found (light/strong), 1 to 4 points were scored (1 point = one part affected,
lesion light; 4 points = all 3 parts affected, lesion strong). Moreover, these
locations were classified for 6 further properties: size (diameter), blood
(occurrence of bleeding), hair loss, scales, crust, and lichenification/swelling.
For all these properties, 1 to 4 points were also scored. Lesion size was divided
into 1 point (<0.5 cm), 2 points (0.5 < X < 1 cm), 3 points (1 < X <2 cm), and 4
points (>2 cm). The “blood” criteria served to distinguish between intact
epidermis (1 point) or whether mild (2 points), moderate (3 points), or severe
(4 points) bleeding occurred. Hair loss was divided into mild (1 point),
moderate (2 points), severe (3 points), and absence of hair (4 points). Scales
were divided into none (1 point), tiny and few (2 points), moderate and
midsized (3 points), and many and big (4 points) scales. Crust was divided into
none (1 point), tiny (2 points), half (3 points), and total (4 points). Lichen-
ification and/or swelling were divided into none (1 point), mild (2 points),
moderate (3 points), and severe (4 points). Additionally, if the sheath or udder
was swollen, a minimum of 5 or a maximum of 20 points were scored: grade 1
(5 points), grade 2 (10 points), grade 3 (15 points), and grade 4 (20 points).
Finally, all points were summed to produce the IBH symptom (or lesion) score.

The A average lesion score was calculated for placebo-treated and
vaccinated horses as follows. Lesion scores for all horses were recorded
monthly during the observation period within each IBH season. For each
horse, the average lesion score was calculated per season. The A average
lesion score was defined by subtracting the pretreatment season average lesion
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score by the treatment season average lesion score. The average of the
resulting differences was calculated and is reported here as A mean average
lesion score.

Blood withdrawal
Blood was collected from the jugular vein at the intersection of the
proximal to median third of the neck.

Blood analysis with IDEXX Diavet and production of

horse sera and plasma

For differential blood analysis and determination of IgE levels against
Culicoides species, blood was collected in tubes provided by IDEXX Diavet
(Freienbach, Switzerland). Differential blood analysis was done with fresh
EDTA blood. IgE levels against insects were determined in serum, EDTA
plasma, and Lithium Heparin plasma; tubes were centrifuged at 3000 rpm
for 10 minutes, and serum or plasma was transferred into fresh tubes.
IgE-specific Culicoides species ELISA was performed by IDEXX Diavet
with Culicoides species whole-body extract.

Detection of recombinant elL-5 by anti-IL-5 ELISA

Maxisorp 96-well ELISA plates (Nunc; Thermo Fisher) were coated
overnight with 50 pL of anti-His antibody at 0.5 mg/L. Plates were washed 3
times with PBS-Tween 0.1% (vol/vol; PBST) and then blocked with Super-
block (Thermo Scientific, Waltham, Mass) for 1 hour at 37°C. Plates were
washed twice with PBST, and purified recombinant eIL.-5—-C-His was titrated
starting with addition of 10 mg/L diluted 1:3 and incubated for 1 hour. Blank
wells contain Superblock without recombinant protein. Then plates were
washed 3 times with PBST and 1 ng/mL anti—eIL-5 antibody (eIL-5 affinity
purified polyclonal antibody, catalog no. AF2470; R&D Systems, Abingdon,
United Kingdom) was added and incubated at room temperature for 2 hours.
Plates were washed subsequently 3 times with PBST and incubated with a
secondary anti-goat IgG conjugated with horseradish peroxidase (HRP;
dilution 1:2000) at room temperature for 30 minutes. Plates were again
washed 3 times with PBS, and 50 pL/well developing solution (TMB) was
added. After 2 minutes of reaction at room temperature, the ELISA was
stopped with 25 wL/well at 5% H,SO,. Absorbance was measured at 450 nm
on a Tecan M200 spectrophotometer (Tecan, Grodig, Austria).

elL-5 levels in horse serum
ELISA was conducted according to the manufacturer’s manual (R&D
Systems).

Anti-CMV+t and anti-IL-5 antibody titer

determination

Maxisorp 96-well ELISA plates (Nunc) were coated overnight with
purified eIL-5-C-His or purified CMV (5 g/L). Plates were washed 3 times
with PBST and blocked with Superblock (Thermo Scientific) for 2 hours at
room temperature. Then plates were washed 3 times with PBST, and 3-fold
dilutions of 1:10 diluted horse sera (in Superblock) were added and
incubated at room temperature for 2 hours. Plates were washed subsequently
3 times with PBST and incubated with anti-equine IgG (1:2000) conjugated
with HRP (Jackson ImmunoResearch, West Grove, Pa) at room temperature
for 30 minutes. Plates were again washed 4 times with PBS, and developing
solution (TMB) was added. After approximately 2 minutes of reaction at
room temperature, the ELISA was stopped with 5% H,SO,4. Absorbance was
measured at 450 nm (ODys0) on a Tecan M200 spectrophotometer (Tecan).
The antibody titer as ODsy was calculated (serum dilution on a logarithmic
scale where ODy4so was half maximal). All antibody titers are calculated
with naive serum subtracted on logarithmic scales and presented as
AODs, values. Titers of less than 10 (and including 10) were considered
as background.
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IBH lesion biopsy and hematoxylin and eosin
staining

Punch biopsy specimens (6 mm) from lesions of IBH-affected horses were
stained with hematoxylin and eosin and CD3 (Vetsuisse Faculty, Zurich,
Switzerland).

Cloning, expression, and purification of

recombinant elL-5

The DNA sequence encoding mature elL-5 (Equus caballus; UniProt
002699) was generated by means of gene synthesis. In addition, a
3-amino-acid linker (GGC) was added C-terminally. This insert was flanked
by 5’ Ndel and 3’ Xhol and integrated into pET 42b (+), containing a hexa
His-tag (to facilitate purification) and an in-frame stop codon. The resulting
elL-5 fusion protein was expressed in Escherichia coli BL21 (DE3) cells.
Overnight cultures were grown and diluted in LB medium containing
50 mg/L kanamycin. Isopropyl-B-D-thiogalactopyranosid was added to a
final concentration of 1 mmol/L when an ODgqo of culture reached 0.7.
The culture was harvested by means of centrifugation 4 hours after induc-
tion, and the pellet was resuspended in 100 mmol/L Tris/HCI (pH 8.0) at
4°C and 1 mmol/L EDTA. Inclusion bodies were prepared, and insoluble
elL-5 was solubilized in denaturing buffer (6 mol/L GdmCl, 20 mmol/L
imidazole, and 100 mmol/L Tris-HCl [pH 8]). After centrifugation for
20 minutes at 20,000g, the supernatant containing denatured, soluble,
recombinant elL-5 was purified through the His-tag by using Ni-NTA
(Ni-NTA Sepharose 6 Fast Flow, Amersham, Piscataway, NJ, or NiNTA
Superflow, Qiagen, Hilden, Germany) column and eluted by using
6 mol/L GdmCl, 100 mmol/L NaH,PO,, and 10 mmol/L Tris-HCI
(pH 4.5) with subsequent dialysis to pH 8.0. Accordingly, eIL-5 was
refolded by means of sequential dialysis against the following buffers at
pH 8.5 at 4°C: buffer 1 (2 mol/L urea, 50 mmol/L NaH,PO,, 5 mmol/L
reduced glutathione, 0.5 mmol/L oxidized glutathione, 0.5 mol/L arginine,
and 10% glycerol), buffer 2 (50 mmol/L NaH,PO,, 5 mmol/L reduced
glutathione, 0.5 mmol/L oxidized glutathione, 0.5 mol/L arginine, and
10% glycerol), buffer 3 (50 mmol/L NaH,PO, and 10% glycerol), and
buffer 4 (PBS). Finally, refolded protein was concentrated by using Amicon
Centrifugal Filters (Ultrafree-15 [Millipore, Temecula, Calif], 10 kDa
MWCO) and purified on a HiLoad 26/60 Superdex 75 prep grade
(GE Healthcare, Fairfield, Conn) with PBS buffer. Protein concentrations
were determined by using the Bradford assay to BSA standard.

Circular dichroism spectroscopy of purified
elL-5-C-His

The far-UV circular dichroism spectrum of purified eIL-5-C-His (in PBS)
was measured on a J-710 spectropolarimeter (Jasco, Easton, Md) at 25°C by
using a 1-mm cuvette. After correction for the buffer spectrum, ellipticity was
converted to mean residue ellipticity, as previously described.”’

Coupling of elL-5 to CMV¢

VLP-CMVrr derived from CMV and containing the tetanus toxoid univer-
sal T-cell epitope tt830-843 was expressed in Escherichia coli by using the
expression plasmid pET28e, as previously described.’’ The CMV concentra-
tion was determined by using the Bradford assay to a BSA standard. CMV was
reacted with a 10-fold molar excess of the heterobifunctional cross-linker suc-
cinimidyl-6(B-maleimidopropionamido)hexanoate in 20 mmol/L NaP/
2 mmol/L EDTA, pH 7.5, at 25°C (Pierce, Rockford, Ill). Unreacted cross-
linker was removed by means of passage over a PD-10 desalting column
(GE Healthcare). Recombinant, purified, and refolded elL-5-C-His was
reduced for 1 hour with an equimolar amount of tri(2-carboxyethyl)phosphine
hydrochloride in PBS (pH 8.0) to reduce the cysteine residue contained in the
linker. The reduced elL-5—C-His was then mixed with the derivatized CMV -
VLPs at a molar ratio of CMVr monomer to eIL-5-C-His protein monomer
of 1:2 and coincubated for 4 hours at 22°C in PBS (pH 7.4) to allow cross-
linking.
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SDS-PAGE and Coomassie staining

Separation of proteins with 4-12% Bis-Tris SDS-PAGE gels was done with
a prestained SeeBlue marker (Thermo Fisher) and MES buffer (NuPAGE;
Novex, Invitrogen Life Technologies, Grand Island, NY) at 200 V for
55 minutes. For coupling analysis, equimolar amounts of CMVrr, eIL-5-C-
His, and eIL-5-C-His—CMVrr VLPs were separated by using SDS-PAGE,
4-12% BI/T gel (NuPAGE, Invitrogen), and MES buffer at 200 V for 55 mi-
nutes. Subsequently, the gel was stained with Coomassie Blue (0.025% Coo-
massie Brilliant Blue R-250, 40% methanol, and 10% acetic acid) and
destained with destainer (40% methanol and 10% acetic acid). The coupling
efficiency (ie, moles of CMV-IL-5/moles of CMV monomer [total]) was esti-
mated by using densitometric analysis of the Coomassie Blue—stained SDS-
PAGE with ImageJ software (National Institutes of Health, Bethesda, Md).

Western blotting

CMVrr, eIL-5-C-His, and IL-5-C-His—CM Vtr vaccine were separated by
using SDS-PAGE and electroblotted onto a nitrocellulose membrane. The
membrane was blocked for 1 hour with 5% (wt/vol) BSA powder in PBST
and then incubated with 10 mL of 1:1000 diluted anti-His antibody (Penta-
His Antibody, BSA-free, mouse monoclonal IgG,; Qiagen) in 1% BSA (wt/
vol) powder in PBST. The membrane was washed with PBST for 15 minutes
and then incubated for 1 hour with 10 mL of 1% (wt/vol) BSA in PBST con-
taining an anti-mouse IgG antibody conjugated with HRP at a dilution of
1:10,000. The membrane was washed for 15 minutes in PBS and developed
with ECL (Amersham Pharmacia, Sweden) and exposed to photographic film.

Vaccine administration and immunization regimen

Horses (n = 19) were injected subcutaneously on days 0, 28, 56, and 84
with 400 pg of eIL-5-C-His—-CMVrr VLPs in 1000 pL of PBS without addi-
tional adjuvants to generate self-reactive antibodies to eIL-5. All horses
received a booster immunization on day 140. Placebo-treated horses
(n = 15) received PBS instead at all respective time points.

Parasite load

Fresh feces was collected from horses before and after vaccination and was
analyzed at IDEXX Diavet by using the combined sediment/float method,
distinguishing gastrointestinal nematodes, coccidian oocysts, and tapeworm
eggs/body parts. For each time point (before and after vaccination), a value of
1 was allocated to horses with helminths, and a value of 0 was allocated to
horses without helminths. Mean helminth values were calculated for elL-5-
CMVr-vaccinated and placebo-treated horses. The A helminth load for
placebo-treated or vaccinated horses was calculated by subtracting the mean
value after treatment from the mean value before treatment.

Statistics

All graphs comparing vaccinated horses versus placebo-treated horses
show means and SEMs. For statistical analysis, vaccine horses versus placebo
horses were compared by using an unpaired 2-tailed Student 7 test. P values of
less than .05 were considered to be statistically significant.

RESULTS
Eosinophil counts but not IgE levels correlate with
disease severity

To compare the influence of levels of Culicoides species—
specific IgE versus eosinophil counts, we clinically scored signs
of IBH (by score sheet, see Fig E1 in this article’s Online Repos-
itory at www.jacionline.org) in affected horses for a whole season
and analyzed blood for blood eosinophil counts and Culicoides
species—specific IgE levels using a commercial serologic test.
Blood was taken in the season before vaccination. Eleven of the
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13 tested IBH-affected horses had Culicoides species—specific
IgE levels of greater than the cutoff of 150 ELISA absorbance
units. However, 1 horse with very severe clinical signs of IBH
(average IBH score, 99) had levels less than the cutoff, and

FIG 1. Diagnostics and characterization of IBH. A-D, Correlation of IBH lesion scores to blood parameters.
IBH lesion scores were determined in biweekly to 4-week intervals during a whole season (April until
October). Average lesion scores per horse were generated. EDTA blood and serum were taken once during
the season with high symptoms (August). Eosinophil levels (EDTA blood) and Culicoides species-specific
IgE levels (serum) were quantified by IDEXX Diavet. Correlation between average lesion scores and Culi-
coides species-specific IgE levels (IgE levels >150 ELISA absorbance units [EA] are considered allergic;
dotted gray line; Fig 1, A), blood eosinophil count (Fig 1, B), serum IL-5 levels (quantified by means of ELISA;
Fig 1, C), and blood eosinophil counts in a larger cohort (Fig 1, D) are shown. E and F, IBH skin biopsy.
A representative skin biopsy specimen of a fresh lesion from an IBH-affected horse. Fig 1, E, Eosinophils
in an IBH skin biopsy specimen. Hematoxylin and eosin staining was used. An overview (scale
bar = 800 pum, upper panel) and enlarged section (scale bar = 200 wm, lower panel) are shown.
Eosinophil-rich regions in the enlarged section are marked by circles. Fig 1, F, T cells in an IBH biopsy spec-
imen. CD3 staining was used. An overview (scale bar = 300 pm) is shown. A CD3*-rich region is marked by a
circle.

overall, IgE levels did not correlate with average scores of
seasonal IBH severity (Fig 1, A). In contrast, there was a strong
positive correlation between average seasonal IBH scores
and eosinophil count in blood at time points of active disease
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FIG 2. Production and characterization of elL-5 protein. A, SDS-PAGE analysis of purified elL-5-C-His. Sam-
ples from various stages of the inclusion body preparation and purification were applied to a 4-12% B/T gel
and run under reducing conditions. Proteins were stained with Coomassie Blue. Lane M, Size marker; lane 1,
lysate (sample A); lane 2, soluble fraction (sample B); lane 3, solubilized inclusion bodies (sample C); lane 4,
flow through (unbound material, sample D); and lane 5, pooled elL-5 monomer (elL-5, m) eluate from the Ni-
NTA column (sample E). B, SDS-PAGE of refolded recombinant elL-5—-C-His. An aliquot of purified elL-5-C-
His was separated on a 4-12% B/T gel and run under nonreducing conditions (+SDS, no dithiothreitol, no
heating). Proteins were stained with Coomassie Blue. elL-5, d, elL-56 dimer; elL-5, m, elL-5 monomer.
Lane M, Size marker; lane 1, pooled denatured eluate from the Ni-NTA column; /ane 2, refolded and homo-
dimer enriched elL-5-C-His. C, Far-UV circular dichroism spectrum of purified elL-5-C-His. The spectrum
demonstrates that elL-5-C-His was folded. D, Detection of purified elL-5—-C-His with commercial anti-elL-5
antibody. Anti-His antibody-coated ELISA plates were incubated with purified elL-5-C-His and detected

with a commercially available anti—elL-5 antibody.

(Fig 1, B). Moreover, serum IL-5 levels at the same time point also
correlated to average seasonal IBH scores, thereby indicating a
link between levels of elL-5 and IBH-associated eosinophilia
(Fig 1, C). The correlation of eosinophil blood counts with IBH
scores was also seen when a second larger cohort of horses was
assessed (Fig 1, D). A representative biopsy of a skin lesion
stained with hematoxylin and eosin is shown in Fig 1, E,
confirming recruitment of blood eosinophils to the skin. In
addition to the remarkable eosinophil infiltrates, the most
abundant other cell type also associated with skin pathology
was the CD3" T cell (Fig 1, F). Furthermore, the typical
hyperkeratosis accompanied by acanthosis can be found,
fulfilling the histologic hallmarks of an IBH lesion (Fig 1, E).
Taken together, blood eosinophil counts correlate strongly with
IBH severity scores and therefore might not only be useful to
monitor IBH severity but also are an attractive target in IBH

therapy. Consequently, a therapy treating eosinophilia is likely to
influence the magnitude of disease severity.

Production of therapeutic vaccine

To induce autoantibodies against eIL-5, we coupled eIL-5 to
VLPs, creating a hapten-carrier complex and thus bypassing
B-cell unresponsiveness against self IL-5 by introducing
VLP-specific intermolecular T-cell help.*”

Recombinant eIL.-5 with a C-terminal linker containing a free
cysteine residue and a His-tag (elL-5-C-His) was produced
in E coli and purified by means of affinity chromatography
(Fig 2, A), refolded, and polished by using size-exclusion
chromatography. Because biologically active native IL-5 is a
disulfide-linked homodimer, the ability of purified recombinant
elL.-5-C-His to form dimers after refolding was assessed by using
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FIG 3. Vaccine production and analysis of the coupling reaction of elL-5-C-His to CMV+t. A and B: Lane M,
Size marker; lane 1, tri(2-carboxyethyl)phosphine hydrochloride (TCEP)-activated elL-5-C-His; lane 2, CMV-
VLP after derivatization with the chemical cross-linker succinimidyl-6(3-maleimidopropionamido)hexa-
noate (SMPH); lane 3, elL-5-C-His-CMV+t coupling reaction. elL-5-C-His, CMVt, and elL-5-CMV1t were
loaded in an equimolar manner to compare coupling efficacy. A, SDS-PAGE. Proteins were stained with
Coomassie Blue. ¢, Coupling; CMV, m, CMV+t monomer; elL-5, d, elL-5 dimer; elL-5, m, elL-6 monomer.
B, Western blotting with a-His antibody staining. ¢, Coupling; elL-5, d, elL-5 dimer; elL-5, m, elL-5 monomer.

SDS-PAGE performed under nonreducing conditions (Fig 2, B,
lane 2). As judged by the molecular mass of approximately
28 kDa, elLL5—-C-His was indeed dimeric in nature, indicating con-
servation of the native tertiary structure. Far-UV circular dichro-
ism spectroscopy confirmed that purified eIL-5—C-His was folded
and, as expected and indicated by the minima at 208 and 222 nm,
adopted a mostly a-helical secondary structure (Fig 2, C).
Furthermore, a commercially available anti—eIL.-5 mAb also
recognized the refolded dimeric eIL-5 (Fig 2, D). In the native
structure of the IL-5 dimer, the 2 monomers are linked by 2 inter-
molecular disulfide bridges (between Cys44 of one monomer and
Cys86 of the other and vice versa), leading to a head-to-tail posi-
tioning of the 2 monomers with respect to each other.** In partic-
ular, linkage of 2 monomers by 2 intermolecular disulfide bridges
was analyzed by using liquid chromatography—matrix-assisted
laser desorption ionization (MALDI)-tandem mass spectrometry
(MS/MS) after trypsin digestion of elL-5-C-His. MS/MS frac-
tions of mass 2505, 2633, and 2761 m/z showed the typical disul-
fide fragment pattern 32/2/32, confirming intermolecular linkage
of 2 IL-5 monomers through Cys44 to Cys86 (see Fig E2 in this
article’s Online Repository at www.jacionline.org).

The elL-5-C-His homodimers were chemically coupled to
VLPs derived from the cucumber mosaic virus (CMVrt) through
the heterobifunctional cross-linker succinimidyl-6(3-maleimido-
propionamido)hexanoate to produce a VLP-based vaccine against
IL-5. Derivatization of VLPs shows the typical VLP ladder with
CMV monomeric and multimeric subunits (Fig 3, A, lane 2).29
Coupling of CMV subunits with dimeric eIL-5-C-His molecules
(Fig 3, A, lane 1) is shown on a reducing SDS-PAGE gel by

additional coupling bands that correspond to the molecular
mass of monomeric or dimeric elL-5 plus monomeric or multi-
meric CMV subunits (Fig 3, A, lane 3). Successful covalent
attachment of eIL-5-C-His to CMVr was confirmed by using
Coomassie staining (Fig 3, A) and Western blotting with an
anti-His antibody (Fig 3, B). Coupling efficiency for all batches
was between 20% and 50%.

Antibody titer responses on vaccination

Horses were immunized with 400 g of elL-5-CMVr formu-
lated in PBS on days 0, 28, 56, 84, and 140. Placebo-treated horses
received PBS. The reasons to use PBS and not CM V-t without IL-
5 coupled to a placebo were 2-fold: (1) placebo in registration
studies will be PBS and not CM V-t without IL-5 coupled to it,
and (2) we planned to immunize the placebo-treated horses in
the following season, which would have been impossible if they
had been immunized with CMVt alone because of carrier-
induced epitope suppression.”* Therefore we decided to use
PBS as a control. Antibody titers in horse serum were evaluated
monthly after vaccination and were consistently detectable after
the second injection (Fig 4). The third and fourth injections main-
tained antibody responses against elL-5 (Fig 4, A) and CMVr
(Fig 4, B). Variation between single horses was less pronounced
for anti-CMVpr VLP antibody titers (Fig 4, D) than for antibody
titers against the self-molecule elL-5 (Fig 4, C). However, and in
contrast to anti-CMYV antibodies, anti—IL-5 antibodies can bind to
their target antigen, IL-5, in serum. Hence such antigen-antibody
complexes might not be detectable by using classical ELISA.
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FIG 4. Antibody titer of vaccinated horses against elL-5 and CMV1r-VLP. Time points of vaccinations are
indicated by gray arrows. A, Mean antibody titer of anti-elL-5 IgG. B, Mean antibody titer of anti-CMV
IgG. C, Antibody titer of anti—-elL-5 IgG of individual horses. D, Antibody titer of anti-CMV IgG of individual

horses.

Mean antibody titers were decreasing toward the end of the sea-
son for both elL-5 and CMV (Fig 4).

Reduced IBH lesion scores in
elL-5-CMV—vaccinated horses

Lesion scores of study horses were recorded monthly in the
pretreatment season and the subsequent treatment year from
March until October. Data were analyzed according to an
intention-to-treat analysis, thus including all horses without
exclusions. Seasonal progression of average lesion scores of
placebo-treated horses were comparable for both seasons (Fig 5,
A), whereas average lesion scores of elL-5—-CMVr—vaccinated
horses showed strongly improved clinical signs in the treatment
year when compared with those in the pretreatment season
(Fig 5, B). When comparing average lesion scores between both
seasons for all horses individually, the majority of vaccinated
horses showed pronounced lesion reduction in the treatment
year. In contrast, most placebo-treated horses did not improve
their symptoms (Fig 5, C). Analogous to Psoriasis Area and
Severity Index 50 and Psoriasis Area and Severity Index 75
scores, we defined the insect-bite hypersensitivity severity index
(ISI) 50 and ISI 75 (IBH severity index). ISI 50 represents a 50%
and greater reduction of symptoms, and ISI 75 represents a 75%
and greater reduction of symptoms. In total, 47% of vaccinated
horses reached an ISI 50, whereas in the placebo group only
13% reached this level of reduction. An ISI 75 was achieved in

21% of the vaccinated horses, whereas none of the placebo-
treated horses showed such a pronounced improvement
(Fig 5, D). The A average lesion scores of elL-5-CMV —
vaccinated horses showed a mean reduction in lesion scores of
28.5 £ 4.5 (n = 19), whereas the A average lesion score in
placebo-treated horses showed a mean reduction in lesion score
of 11.1 £ 3.7 (n = 15). The difference between vaccinated horses
and placebo-treated horses was statistically significant, showing a
higher improvement in lesion symptoms in elL-5-CMVyr—
vaccinated horses (P = .0073; Fig 5, E). Furthermore,
anti—elL-5 serum antibody levels during the IBH season were
most likely required to be greater than a certain threshold to be
protective rather than showing a linear dependency (Fig 5, F).
For further IBH vaccine development, the observed antibody
threshold level can be used as a surrogate for clinical efficacy.

Blood eosinophilia

Eosinophil counts for all horses were measured monthly after
vaccination or placebo treatment. During the IBH season, blood
eosinophil counts of placebo-treated horses peaked in June,
whereas lesion scores peaked with a delay of approximately
1 month in July. Mean blood eosinophil counts in placebo-treated
horses had been found above maximal standard values from May
until October, with a slight decrease in peak levels in July and
October (Fig 6, A). In general, blood eosinophil counts of
placebo-treated horses correlated well with lesion scores of the
skin (Fig 6, B).
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FIG 5. Lesion scores of elL-5-CMV1—vaccinated horses improved significantly compared with placebo-
treated horses in clinical study. A and B, Mean lesion score of placebo-treated horses (n = 15; Fig 5, A)
and elL-5-CMV+r—vaccinated horses (n 19; Fig 5, B) followed from March until October in the pre-
evaluation year (gray symbols) and treatment year (black symbols). Months with more than 1 measurement
show average values. C, Average lesion score per horse of the previous season (Pre) versus the treatment
season (Treat; black: active, elL-5-CMV+t vaccinated, n = 19; gray: placebo, n = 15). D, Percentage of horses
with 50% (black columns)and 75% (gray columns) lesion score improvement in elL-5-CMVrt—vaccinated (V)
and placebo (P)group. E, A Mean average lesion score from elL-5-CMVr—vaccinated horses (black column,
n = 19) versus placebo-treated horses (gray column, n = 15). **P < .01. F, Area under the curve (AUC) anti-
elL-5 antibody (Ab) titer versus A average lesion score of placebo-treated horses (gray symbols, n = 15) and
elL-5-CMV+—vaccinated horses (black symbols, n = 19). AUC includes all values during the whole treat-

ment season. All graphs include all horses (n = 34) analyzed according to intention to treat.

Immunization against elL-5 did not greatly alter blood
eosinophil counts, and there was a much less obvious correlation
between blood eosinophil count and lesion scores, indicating that
anti-IL-5 antibodies alter eosinophil inflammation in lesions but
had little influence on blood eosinophil counts (Fig 6, C).

No increase in parasitic load after elL-5-CMV 1t
vaccination

The parasitic load of horses was quantified in excrement at
the start and end of the treatment year. No difference between
placebo-treated and vaccinated animals was observed when
comparing mean helminth load before and after treatment (Fig 7,
A) and change in mean helminth load (Fig 7, B). In
general, helminth burden in autumn was greater in both the
placebo-treated and vaccinated groups, probably because of higher
exposure to parasites on grazing land in the summer months.

DISCUSSION
IBH is a frequent and sometimes devastating disease in horses.
Here we demonstrate that targeting eosinophils, the major

inflammatory cells in IBH lesions, with active vaccination against
the T2 cytokine IL-5 strongly improves disease symptoms in
affected horses. This is a novel and allergen-independent
approach to manage IBH in horses that differs from the strategy
of Jonsdottir et al,”” who propose desensitizing horses through in-
tralymphatic injection of small doses of allergens in adjuvants.
Despite a missing correlation between allergen-specific IgE
levels and IBH severity, we showed that the severity of IBH
disease correlated well with blood eosinophil counts. Especially
in the setting of progressed IBH, eosinophils seemed to dominate
the allergic reaction. The eosinophilia is caused by a late phase of
type I and delayed-type allergic responses (type IV) to insect
bites. This is in contrast to insect venom allergy in human
subjects, in which eosinophilia has not been described. Thus
eosinophil-dependent IBH shares common aspects with human
asthma, which also has an IgE component but is eosinophil
driven.*® This implies that human allergy in the lungs seems to
share common aspects with equine allergy in the skin. However,
atopic dermatitis of human skin is a multifactorial and complex
disease with various trigger factors, only one of them being aller-
gens. Although serum concentration of human eosinophilic
cationic protein is a diagnostic marker for atopic dermatitis in



J ALLERGY CLIN IMMUNOL
VOLUME 142, NUMBER 4

FETTELSCHOSS-GABRIEL ET AL 1203

A B Placebo C elL-5-CMV
0.6= =80
- o 150 R2=0.3776 15 R2=0.1159
_ ‘ p <0.0001 p <0.0001
1 [ NI AN 0 n =15 horses, 10 timepoints/horse n =19 horses, 10 timepoints/horse
0.4+ _L g L 2 ) . o
1T 5 o 9
7y ka0 3 a ®
T Q c o
0.2+ ¢ g ,% ‘%
20 3 B
O P —r—r—
o
Ny ‘gb«" & \@5\»“7’ S e 0.0 0.5 1.0 152 3 4 5
Eosinophils (10E9/L) Eosinophils (10E9/L)
FIG 6. Interrelation between blood eosinophil counts and lesion scores. A, Mean blood eosinophil counts
(gray symbols and line, left y-axis) and mean lesion scores (black symbol and line, right y-axis) of placebo-
treated horses (n = 15) determined in the treatment season from January until October or March until
October, respectively. The normal maximum blood eosinophil count is indicated by a dotted gray line.
Months with more than 1 measurement show average lesion score values. B, Eosinophil counts versus
lesion scores of all 15 placebo-treated horses for 10 time points from each horse. C, Eosinophil counts
versus lesion scores of all 19 vaccinated horses for 10 time points from each horse.
A B eosinophil-deficient mouse models and mAb studies in human
Placebo 0.15- . . . . ..
04 subjects suggests that eosinophil depletion has a negligible effect
- -t . . . . . . 8 49
‘1 W eL-5-CMV on immunity to infection and other essential host functions.”****’
g o Moreover, IL-5 is classified as a lineage-specific cytokine for eo-
© 0.3+ i 0.10+ sinophils only and has a central role in the differentiation, activa-
§ = tion, and survival of eosinophils exclusively. Hence depletion of
E 0.24 E this cytokine is expected to have limited negative effects on other
E ’ £ 0.05- lineages than eosinophils. Therefore a treatment that specifically
c < targets eosinophils seems to have limited effects on the host.
3 0.14 Indeed, no safety issues were reported in any of the human trials
. . 4C€ . . .
= 0.00- or after-market authorization.*”"" In line with these findings, elL-
0.04 & % 5-CMVr vaccine was well tolerated in horses and did not predis-
Pre Post 'z>°° 0@ pose to increased infections. Specifically, and given the fact that
< Vy:' eosinophils are known to have antiparasitic effects and horses
> are natural hosts of certain intestinal helminths, no difference in

FIG 7. Side effect: parasitic load. A, Mean helminth burden in placebo-
treated horses (gray columns, n = 15) and elL-5-CMV+yr—vaccinated horses
(black columns, n = 19). No measureable helminths in excrement = 0, de-
tected helminthes in excrement = 1. Excrement was taken in the treatment
season before injections (pre) and at the study’s end in autumn (post). B,
Average seasonal change in helminth burden for placebo-treated (gray col-
umn) and vaccinated horses (black column) was calculated by subtracting
the mean value determined at the beginning from that at the end of the
treatment season.

human subjects,”” eosinophilia is not suggested to trigger derma-
titis in human subjects.*® Therefore we think that human asthma is
the correlate to equine IBH, although the affected organs differ.

IL-5 is a very well-validated target, and abundant data in mice
and human subjects indicate that blocking IL-5 is a safe and
efficacious way to reduce eosinophil-mediated inflammation.
Therefore IL-5 might be an ideal target for safe IBH therapy in
horses. Two different anti-human IL-5 antibodies have been
developed for the treatment of eosinophil-associated diseases,
such as hypereosinophilic syndrome or eosinophilic asthma:
mepolizumab (GlaxoSmithKline, Research Triangle Park, NC)
and reslizumab (Teva Pharmaceuticals, Petah Tikva, Israel). The
mechanism of action for an anti-IL-5 antibody is blockage of
eosinophil development, survival, and activation. Evidence from

helminth burden was found during the study period when
comparing vaccinated and placebo-treated horses. However,
more detailed safety studies will be required because of limita-
tions of our placebo-controlled randomized clinical study,
including the number of horses and the facts that we only included
Icelandic horses and do not know yet the effect on helminth
burden during long-term treatment.

Two injections of eIL-5-CMVrr formulated in PBS induced
high levels of anti-self antibodies recognizing elL-5. Vaccine
booster immunizations maintained these levels, whereas anti-
body responses decreased in the absence of further injections.
Hence vaccination against IL-5 induced high levels of antibodies
that were reversible in the absence of booster injections. High
antibody titers were also measured against CMV-VLPs and
were used as a surrogate marker of vaccination because the im-
mune system readily induces antibodies against the foreign
CMV particle. Responses against IL-5 were slightly more vari-
able than responses against the carrier VLPs, but responses
against IL-5 and the CMV carrier correlated well overall. This
is consistent with observations in human subjects immunized
against IL-13 and might indicate that the tightly packed VLP
surface is able to activate the immune system more consistently
than the IL-5 covalently attached to VLPs.’! Furthermore, and in
contrast to anti-CMYV antibodies, anti—IL-5 antibodies can bind
to host IL-5 in the serum, and thus antibodies involved in
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antigen-antibody complexes might no longer be detectable in the
ELISA performed in this study. Natural variations in IL-5 levels
between subjects will perhaps lead to different rates of depletion
of anti—IL-5 antibodies and hence provide a perception of vari-
ability in anti—IL-5 antibody responses compared with CMV.

Similarly, as seen with anti—IL-5 mAbs in human subjects, we
showed that vaccine-induced anti—IL-5 autoantibodies in horses
were able to treat eosinophil-mediated symptoms. Clinical scores
improved in eIL-5-CMVr—vaccinated horses when compared
with the previous season of the same horses and placebo-treated
horses of the same season. One major advantage of vaccines
over mAbs is that there is no induction of antitherapeutic anti-
bodies by the host because these polyclonal vaccine-induced an-
tibodies are self-made. This ensures that the therapeutic
vaccination can be given each year before the IBH season starts,
leading to high antibody titers during the disease period and
decreasing antibody titers during the unaffected time of year.
For human subjects, antibodies induced against mAbs are a
tangible problem that can limit the choice of therapeutics, an issue
commonly seen in certain mAbs (eg, infliximab).”** Along these
lines, to date, it is unclear how inbred the different horses are with
respect to antibody allotypes. Therefore immunogenicity of the
different horse breeds will be difficult to predict.

Another advantage of the vaccine’s approach is the low cost of
goods because much lower amounts of protein are needed for
immunization compared with mAbs, which are usually applied
based on body weight. Replacing the costly monoclonal therapies
with active vaccination might also be an attractive treatment
modality in human subjects, providing relief to health insurance
systems. Therefore it would be interesting and also worthwhile to
compare an anti-human IL-5 mAb versus human IL-5-VLP
vaccines in human subjects.

Blood eosinophil levels during an IBH season increased
typically in the spring and reached a peak in June. IBH lesion
development followed eosinophil counts, with some delay.
Overall, eosinophil counts in the blood of placebo-treated and
unmanipulated horses correlated well with skin lesion scores,
suggesting that in an unbiased system eosinophil levels in blood
are a good indicator of eosinophil counts in skin and lesion
severity. However, this correlation was lost in horses vaccinated
against eIL-5, most likely because eosinophils do not efficiently
enter tissues in the absence of IL-5. Of note, in the follow-up year
of this study, during which slightly greater anti—IL-5 responses
were induced, a statistically significant reduction of eosinophils in
blood was observed (unpublished data). An alternative explana-
tion for the absence of a correlation between blood eosinophil
counts and antibody titers in the present study might be that the
vaccine in the current vaccine preparation contained free non-
coupled IL-5, whereas in the follow-up study this free IL-5 has
been removed.

Taken together, eIL-5-CMVr successfully induced autoanti-
bodies and mediated a statistically significant reduction in lesion
scores in vaccinated horses when compared with placebo-treated
horses and the pretreatment season. This is the first time that an
anticytokine vaccine has shown clinical efficacy for the treatment
of a disease in the target species and might facilitate the develop-
ment of a similar vaccine targeting IL-5 in human subjects.

We thank all the horse owners who participated with their horses in our
clinical studies. We thank Michael Fontaine and Hans-Uwe Simon for helpful
discussion.
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Clinical implications: Long-term treatment of horses affected
by recurrent insect-bite hypersensitivity might be possible by

using a vaccine targeting IL-5 and thus limiting eosinophil
development and recruitment to the affected organ skin.
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METHODS

MALDI-MS/MS and HPLC of digested elL-5-C-His
MALDI-MS/MS and HPLC of digested elL-5-C-His were performed by

the Functional Genomic Center, Zurich. eIL-5 was freshly digested with 1 pg

of trypsin (20:1) in 0.1% TFA/PBS buffer, pH 5 to 6, and analyzed by using 2
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different HPLC columns (C8 and C18). Samples were mixed 1:1 with
matrix solution (1.4 mg/mL alpha-4-hydroxycinamic acid in 85% cerium
nitrate, 0.1% trifluoroacetic acid, and 1 mmol/L MALDI-MS/MS and HPLC
of digested elL-5—-C-His NH4H,PO,) and spotted on the target. MALDI-MS/
MS measurements were performed manually.
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[SCORE SHEET LESION GRADING] 14 [SCORE SHEET LESION GRADING] 214
STUDY TITLE ,Therapeutic Vaccination against Equine Insect Bite Hypersensitivity BLOOD
1BH) - Impfi S kzem"
(IBH) - Impfung gegen Sommerekzem BOINTS
STUDY ID
TAIL INTACT EPIDERMISO MILDO ~ MODERATE O SEVERE O
DATE, PLACE
MANE INTACT EPIDERMISO  MILDO ~ MODERATE D  SEVERE O
— BELLY INTACTEPIDERMISO  MILDO ~ MODERATED  SEVERE O
WITHERS ~ INTACTEPIDERMISO MILDO ~ MODERATEO  SEVERE O
FLANK INTACT EPIDERMIS O MILDO  MODERATE O SEVERE O .
HORSE NAME / PATIENT ID
FACE INTACT EPIDERMISO MILDO ~ MODERATED  SEVERE O
EAR INTACT EPIDERMISO  MILDO ~ MODERATE O SEVERE O
LEGS INTACT EPIDERMIS O MILDO  MODERATE O SEVERE O
Points are given for each summer eczema site. Every site is judged for intensity on location,
CROUP INTACT EPIDERMISO  MILDO ~ MODERATED  SEVERE O
sizeldiameter, blood, hairloss, scales, crust and lichenification. Per site intensities are graded
OTHER INTACT EPIDERMISO MILDO ~ MODERATE O SEVERE O
from 1 to maximal 4 points. Total points is sum of all points. For more information see page 4.
HAIRLOSS
LOCATION
POINTS
UP  MIDDLE DOWN LIGHT STRONG  POINTS
TAIL MILD O  MODERATE O SEVERE O NO HAIR O
TAIL o o o o o o
MANE MILD O  MODERATEO SEVERE O NO HAIR O
MANE o o o
BELLY MILD O  MODERATE O SEVERE O NO HAIR O
BELLY o o o o o o
WITHERS ~ MILD O  MODERATE O SEVERE O NO HAIR O
WITHERS O o o o o o
FLANK MILD O  MODERATE O SEVERE O NO HAIR O
FLANK o o o o o o
- FACE MILD O  MODERATE O SEVERE O NOHARD
FACE o o o o o o
EAR MILD O  MODERATE O SEVERE O NO HAIR O
EAR o o o o o o .
LEGS MILD O  MODERATE O SEVERE O NO HAIR O
LEGS o o o o o o
CROUP MILD O  MODERATE O SEVERE O NO HAIR O
CROUP o o o o o o
OTHER MILD O  MODERATE O SEVERE O NO HAIR O
OTHER o o o o o o
SCALES
SIZE, DIAMETER
POINTS
POINTS
TAIL NONE O TINY,FEWD MODERATE, MID-SIZED  MANY, BIG O
TAIL <05cmO 052 x>1cmO 12 x>2em0 22em0
MANE NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
MANE <05cmO 052 x>1cmO 12 x>2em0 220m0
BELLY NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
BELLY <05cmO 052 x>1cmO 12 x>2em0 220om0
WITHERS ~ NONE O TINY, FEWO MODERATE, MID-SIZED MANY, BIG O
WITHERS ~ <05emO 052 x>1cemO 12 x>2em0 22eom0
FLANK NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
FLANK <05emO  052x>1emO 12 x>2em0O 22emO
FACE NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
FACE <05cmO 052 x>1cmO 12 x>2em0 220om0
EAR NONE O TINY,FEWD MODERATE, MID-SIZED  MANY, BIG O
EAR <05cmO 052 x>1cmO 12 x>2em0 22em0
LEGS NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
LEGS <05cmO 052 x>1cmO 12 x>2em0O 22em0O
CROUP NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
CROUP <05ecmO 052 x>1emO 12 x>2cm0 22em0
OTHER NONE O TINY,FEWD MODERATE, MID-SIZE D MANY, BIG O
OTHER <05cmO 052 x>1cmO 12 x>2em0 22em0
Antonia Fettelschoss 2014, updated 2015 Antonia Fettelschoss 2014, updated 2015
[SCORE SHEET LESION GRADING] 34 [SCORE SHEET LESION GRADING] 44
LESION SCORING
CRUST
POINTS For IBH symptom scoring, the location (tail, mane, belly, flank, face, ear, leg, and the like) where IBH
TAIL NONE O TNY O HALF O TOTALO lesions occur are recorded. Each location is divided into 3 parts: up, middle, down. Further according
MANE NONE O  TNY O HALF O TOTALO to the number of lesions, each location is classified into light and strong. Dependent on how many
BELLY NONE O  TINY O HALF O  TOTALO parts are affected (up / middle / down) and how many lesions per location are found (light / strong), 1
WITHERS ~ NONE O  TINY O HALF O TOTALO to 4 points can be scored (1 point = one part affected, lesion light; 4 points = all three parts affected,
FLANK NONE O TNY O HALF O TOTALO lesion strong).
FACE NONE O TINY O HALF O TOTALO Moreover, these locations are classified for 6 further properties: size (diameter), blood, hair loss,
EAR NONE O TINY O HALF O TOTALO scales, crust, and lichenification / swelling. For all these properties also 1 to 4 points can be scored
LEGS NONE O  TNY O HALF O  TOTALO Size is divided into < 0.5 cm (1 point), 0.5 2 x > 1 cm (2 points), 12 x > 2 om (3 points), and = 2 cm (4
CROUP NONE O TNY O HALF O  TOTALO points). Blood is divided into intact epidermis (1 point), mild (2 points), moderate (3 points), and severe
OTHER NONE O TINY O HALF O TOTALO (4 points). Hair loss is divided into mild (1 point), moderate (2 points), severe (3 points), and no hair (4
points). Scales is divided into none (1 point), tiny, few (2 points), moderate, mid-size (3 points), and
LICHENIFICATION / SWELLING many, big (4 points). Crust is divided into none (1 point), tiny (2 points), half (3 points), and total (4
points). Lichenification and/or swelling is divided into none (1 point), mild (2 points), moderate (3
POINTS
points), and severe (4 points).
A fofen, Mo 2 MODERE B oRrED —_— Additionally, if sheath or udder is swollen, minimally 5 or maximally 20 points can be scored: grade 1
WEhE NONE{E,  MILD O MODERATE 0 :SEVERED] — (5 points), grade 2 (10 points), grade 3 (15 points), and grade 4 (20 points).
BELLY NONE O MILD O MODERATE O SEVERE O
Finally all points are added up and are the IBH symptom score.
WITHERS ~ NONE O  MILD O MODERATE O  SEVERE DO
FLANK NONE O MILD O MODERATE O  SEVERED
FACE NONE O  MILD O MODERATE O  SEVEREO
EAR NONE O MILD O MODERATE O  SEVERED
LEGS NONE O  MILD O MODERATE O  SEVERE O
CROUP NONE O  MILD O MODERATE O  SEVEREO
OTHER NONE O MILD O MODERATE O  SEVERED
SHEATH / UDDER
POINTS
SHEATH GRADE1O GRADE20]  GRADE3O GRADE 40
UDDER GRADE1 O GRADE 2 0 GRADE 30 GRADE 40O
TOTAL POINTS
NOTES
VETERINARY RESEARCHER

Antonia Fettelschoss 2014, updated 2015

FIG E1. Score sheet lesion scoring. Results are as described in the Methods section of the main article.
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FIG E2. Liquid chromatography-MALDI-MS/MS of purified and trypsin-digested elL-5-C-His. Dimers were
linked intermolecularly through 2 disulfide bridges through Cys44 of one monomer and Cys86 of the other
and vice versa.
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Sefor Director
NUEVAS CREACIONES

Superintendencia de Industria y Comercio

E. S. D.

Referencia: Expediente NC2017/0004119

Asunto: Solicitud de patente para PARTICULAS TIPO VIRUS MODIFICADAS DE
CMvV

Solicitante: SAIBA GMBH

Fecha de solicitud: 27 de abril de 2017

RESPUESTA A SEGUNDO EXAMEN DE PATENTABILIDAD

JOSE ANDRES RINCON USCATEGUI, identificado como aparece al pie de mi firma, en mi

condicion de apoderado de la sociedad solicitante de la patente de la referencia, doy

respuesta al Oficio 12157, notificado por fijacion en lista el 09 de octubre de 2018.

. MODIFICACIONES AL CAPITULO REIVINDICATORIO

En respuesta al examen de patentabilidad aporto un Capitulo Reivindicatorio modificado
conformado por 54 reivindicaciones en las que se han incluido las siguientes

modificaciones:

1. Se han eliminado las reivindicaciones 2 a 5, 30, 33, 38, 51 y 58;

2. En la reivindicacién 1 se ha remplazado la expresidn “por lo menos un” por “una
pluralidad”;
3. En el numeral b) de la reivindicacion 1 se ha especificado las posibles secuencias

del epitopo de célula T ayudante;

4. En la nueva reivindicacion 5 (antigua reivindicacién 9) se ha remplazado la
expresiéon “al menos” por “uno o mds” con el fin de dar claridad sobre la materia

reclamada;

INNOVACION PARA LOS NEGOCIODS

BOGOTA DC, 110221 - COLOMBIA Edificio Siski - Carrera 4 No. 72-35 Teléfono (57-1) 347 3611 Fax (57-1) 211 8650
MEDELLIN , 050021 - COLOMBIA ando Plaz: Carrera 42 A No. 1-25 na 303 Telér (57-4) 5204760
BARRANQUILLA , 080002- COLOMBIA - Calle 64 No. 50-22 Oficina 201 Telé

www.cavelier.com
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5. En la nueva reivindicacion 15 (antigua reivindicacion 19) se ha remplazado la

expresion “por lo menos “por “una o mds”;

6. En la nueva reivindicacion 22 (antigua reivindicacion 26) se han eliminado las

expresiones “al menos” y “mdximo”;

7. Se han ajustado las dependencias de las reivindicaciones de acuerdo con las

modificaciones realizadas.

Estas modificaciones se ajustan al Articulo 34 de la Decisiéon 486 de 2000, ya que no
constituyen una ampliacion de la proteccién que corresponderia a la divulgacion

contenida en la solicitud inicial.
l. EN CUANTO A LA SUPUESTA FALTA DE CLARIDAD

1. El Examinador ha considerado que el capitulo reivindicatorio no era conciso porque
se reclamaba la misma materia en mas de una reivindicacion. Con respecto a la objecidn
del Examinador es preciso resaltar que, tal y como se sefialé en el memorial 1 del presente
memorial se han eliminado las antiguas reivindicaciones 30, 33, 37, 51 y 58 que
reclamaban de manera mas especifica la materia de las antiguas reivindicaciones 29, 32,

37 y 51. De esta manera se da por superada esta objecién.

2. Con respecto a la objecidn del Examinador segun la cual la reivindicacion 1 no era
concisa por comprender la expresion “por lo menos un polipéptido de CMV modificado”,
se desea respetuosamente aclarar que la particula tipo virus reivindicada estd compuesta

tipicamente por una_pluralidad de polipéptidos modificados de CMV (aprox. 180; pag. 3,

lineas 9 a 10), los cuales estan auto ensamblados para formar la particula tal y como se
reivindica. Para mayor ilustracién, a continuacién, se muestra una representacion grafica

de la particula tipo virus reivindicada:

SMPH vinculador quimico
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De manera similar, y como se observa en la representacidn, los antigenos no estan
insertados en la secuencia del polipéptido de CMV, sino que estos estan acoplados

quimicamente.

Asi las cosas, restringir el nUumero de polipéptidos CMV seria una limitacion excesiva del
alcance del concepto inventivo desarrollado por el Solicitante. Sin embargo, con el Unico
fin de darle claridad a la reivindicacién 1 se ha remplazado el fragmento objetado por

“una pluralidad”.

Finalmente, con el fin de dar alin mayor claridad sobre la materia reclamada se presentar
anexos a este memorial dos articulos cientificos publicados por los inventores
(Fettelschoss et al., 2018 y Zeltins et al., 2017) en los cuales se han subrayado los

fragmentos relacionados con la con figuracién de la particula tipo virus.

Teniendo en cuenta la modificacién y las aclaraciones realizadas, se debe dar por

superada esta objecion.

3. De manera similar, el Examinador ha objetado la reivindicacion 1 por no especificar
las secuencias de las secuencias de aminoacidos de los epitopes PADRE o toxina tetanica
en su componente. Al respecto es pertinente sefialar una vez mds que en la nueva
reivindicacion 1 se han especificado las posibles secuencias de los aminodacidos del

componente b) de la particula tipo virus modificada.

Asi las cosas, la nueva reivindicacidn 1 enmendada es concisa y se dan por superadas las

objeciones del Examinador.

4, El Examinador ha afirmado que las antiguas reivindicaciones 1, 9, 15, 19, 26, 41 y
42 no eran concisas por comprender expresiones como “por lo menos”, “mdximo 20
aminodcidos”, “al menos”, “que consiste en 6 a 14 aminodcidos” “derivado de (...)", que se
consideran imprecisas. Con respecto a lo anterior se hace necesario poner de presente lo

siguiente:

° En relacién con la reivindicacién 1 se desea respetuosamente llamar la atencién del
Examinador sobre el hecho de que la particula VLP modificada que se reclama en la
presente solicitud estd compuesta por una pluralidad (tipicamente 180 copias) del
polipéptido CMV modificado, el cual se auto ensambla para formar una VLP; En

consecuencia, definir el numero de antigenos unidos seria una limitacién excesiva de
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alcance de la invencién reivindicada; sin embargo como se menciond anteriormente se
han realizado modificaciones con fines aclaratorios.

° De manera similar, y con respecto a las expresiones “por lo menos” y “al menos”
(antiguas reivindicaciones 9, 15, 19, 26), se desea respetuosamente sefialar nuestro
desacuerdo, en el sentido que esta expresidn es perfectamente clara ya que establece los

requisitos minimos para que una persona medianamente versada en la materia pueda

reproducir la invencion, teniendo en cuenta que la limitacidon de la materia a un rango o
valor especifico constituiria una limitacién excesiva al alcance que dejaria por fuera
multiples posibles configuraciones que alcanzarian de igual manera el efecto deseado y
solucionarian el problema técnico que enfrenta la invencién. Sin embargo, con el Unico fin
de agilizar el tramite el Solicitante ha remplazado la expresidon objetada por el término
“uno o mas”.

° Por otra parte, la expresion “mdximo” (antigua reivindicacién 22) ha sido eliminada
del capitulo reivindicatorio modificado.

. Con respecto a las expresiones “un péptido derivado de a-sinucleina” y “que
consiste en 6 a 14 aminodcidos” se desea respetuosamente manifestar nuestro
desacuerdo con el Examinador, en el sentido que las expresiones objetadas son
perfectamente claras para cualquier persona medianamente versada en la materia.
Adicionalmente, las mismas se encuentran debidamente soportadas en la descripcién
originalmente presentada.

Teniendo en cuenta las aclaraciones y modificaciones realizadas se entiende como
superada cualquier objecion relacionada con las expresiones mencionadas por el

Examinador.

5. El Examinador afirma que la antigua reivindicacion 9 (nueva reivindicacién 5) no
era clara por referirse a una composicion que comprendia un Unico componente (una
particula tipo virus modificada). Con respecto a esta objecion se desea respetuosamente
llamar la atencién del Examinador sobre el hecho de que la composicion reclamada no
estd conformada por un Unico componente, sino mds bien estd compuesta por un VLP
modificado y una pluralidad de antigenos. Teniendo en cuenta lo anterior debe
considerada como superada la objecién formulada en relacién con la nueva reivindicacion

5.

6. El Examinador ha objetado las antiguas reivindicaciones 9 a 27 (nuevas
reivindicaciones 5 a 23) porque supuestamente no se encontraban soportadas en la
descripcién por comprender expresiones como: “comprende al menos un primer sitio de

union y (b) al menos un antigeno (...) al menos un segundo sitio de union {(...)”. Al respecto
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se desea respetuosamente llamar la atencion del Examinador sobre el objeto de la
invencién, en donde se ACOPLA quimicamente un gran numero de ANTIGENOS y se
fusiona solo un epitopo de célula T ayudante dentro de la capside. En tal sentido,
especificar un niUmero o rango exacto dejaria una vez mas por fuera una gran posibilidad
de configuraciones de la particula tipo virus reivindicada. Si embargo, con el Unico fin de
darle mayor claridad a las reivindicaciones, se ha reemplazado la expresién “al menos” por
“uno o mas”.

Teniendo en cuenta las aclaraciones y modificaciones realizadas, se da por superada esta

objecién.

7. Con respecto a la objecién del Examinador segun la cual las antiguas
reivindicaciones 9 a 16 (nuevas reivindicaciones 5 a 12) porque supuestamente en la
descripcién no se evidencia ningun ejemplo de VLP vinculada a epitopes de manera no
covalente es preciso una vez mdas llamar la atencién del Examinador sobre la materia
reclamada en la Solicitud. Mas especificamente se desea recordar que los antigenos NO
estan insertados en la secuencia de CMV, sino que estdn acoplados quimicamente a la
particula tipo virus por un enlace peptidico no-covalente, tal y como se mostro
graficamente (numeral 11.2 del presente memorial). Sélo el epitopo de la célula T ayudante
esta insertado dentro de las secuencias de CMV. Teniendo en cuenta lo anterior, esta

objecion debe darse como superada.

8. El Examinador ha objetado las antiguas reivindicaciones 19 a 27, 34, 39, 40 a 42,
46, 47, 52, 59, 60, 62 y 63 afirmando que no se evidencian composiciones con antigenos
tumorales, asi como tampoco se evidencian composiciones con agentes
inmunoestimulantes de dcidos nucleicos.

Respecto a lo anterior se desea llamar la atencidn del Examinador sobre las lineas 25 de la
pagina 98 a la linea 23 de la pagina 99, de la descripcién originalmente presentada, en
donde esta claramente soportado y especificado el uso de composiciones con antigenos
tumorales. De manera similar, el uso de sustancias inmunoestimulantes de acidos
nucleicos estd soportado en la descripcion en las lineas 7 de la pagina 58 a la linea 21 de la

pagina 59.

Asi mismo, deseamos se desea indicar que dentro de una solicitud de patente no es
factible ni posible presentar resultados experimentales para todas y cada una de las
modalidades preferidas descritas en la descripcién. Asi las cosas, la materia reclamada en
las reivindicaciones es una generalizacién razonable de las realizaciones ensefiadas en la

descripcién y por tanto se debe dar por superada esta objecion.
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9. Finalmente, el Examinador ha dicho que las antiguas reivindicaciones 62 y 63
(nuevas reivindicaciones 53 y 54) no eran concisas por reclamar una composicién o una
vacuna en una misma reivindicacion. Respecto a lo anterior se desea manifestar nuestro
desacuerdo, ya que ambas reivindicaciones reclaman de manera independiente una
vacuna y una composicién farmacéutica. Asi las cosas, se le solicita amablemente al

Examinador retirar la objecién planteada a este respecto.

Con base en todo lo anterior, considero que el Capitulo Reivindicatorio modificado
adjunto cumple con todos los requisitos de claridad y concisién, ajustandose asi a los
lineamientos del Articulo 30 de la Decisiéon 486, ya que cualquier persona del oficio
normalmente versada en la materia estd en completa capacidad de reproducir la

invencion sin ambigliedad alguna.
M. EN CUANTO A LA SUPUESTA FALTA DE SOPORTE EN LA DESCRIPCION

El Examinador sostiene que la descripcion no divulga la invencidn de manera
suficientemente completa para que persona normalmente versada en la materia técnica
correspondiente pueda ejecutarla por lo que no existe soporte para el desarrollo de
particulas tipo virus (VLP) que comprendan cualquier antigeno, ni mas de dos antigenos
insertados en el péptido CP. Respecto a la objecion anterior, se desea una vez mas
recordar que el Solicitante ha incluido las secuencias de los componentes a) y b) de la
particula tipo virus modificada. Teniendo en cuenta lo anterior se ha limitado el alcance de
la solicitud a una generalizacidn razonable de la materia ensefiada en la descripcién y por

tanto esta objecion debe darse por superada.

V. EN CUANTO A LA SUPUESTA FALTA DE UNIDAD DE INVENCION

El Examinador ha afirmado que la Solicitud no cumple con el requisito de unidad de
invencién porque la particula tipo virus (VLP) modificada del virus del mosaico del pepino
(CMV) que comprende (a) un polipéptido que consiste en una secuencia de una proteina
de recubrimiento CMV y (b) un epitope de célula T ayudante; no comparte una estructura
esencial para la actividad comun. Adicionalmente, que el concepto inventivo comun ya

habia sido ensefiado por Natilla A., et al., 2006.

Respecto a lo anterior es preciso sefialar que la particula tipo virus ensefiada por la técnica
anterior (Natilla et al., 2006) no comprendia polipéptidos CMV en donde el epitopo de la

célula T ayudante se fusiona a la N-terminal de dicho polipéptido CMV, y en donde dicha



C

s

B 0

[ER

AD

region N-terminal de dicho polipéptido CMV corresponde a los aminodcidos 2 -12 de la
SEC ID NO: 1. Adicionalmente Natilla et al., no divulga ni sugiere que los epitopos de la
célula T ayudadora sean de las secuencias definidas en la Opcién 1 u Opcidn 2.

Teniendo en cuenta lo anterior, la presente solicitud no sélo cumple con el criterio de
unidad de invencion, sino que ademas es nueva e inventiva respecto al arte previo y
especialmente frente al documento citado como Natilla et al. En consecuencia, se solicita

amablemente proceder al otorgamiento de la solicitud de patente.
V. ESTADO DE LA TECNICA

A este respecto, se pone de presente que, de acuerdo con el examen de patentabilidad
realizado por el examinador, no existe en el arte previo ninguna divulgacién que anticipe
las caracteristicas de la presente invencién. En otras palabras, la invencion cumple a

cabalidad los requisitos de aplicacidon industrial, novedad y nivel inventivo.
VI.  PETICION

1. Puesto que se ha dado respuesta a todas las objeciones formuladas por la
Direccién de Nuevas Creaciones, solicito proceder al otorgamiento de la solicitud de

patente.

2. Subsidiariamente, en caso de que su Despacho considere que la modificacion
introducida al Capitulo Reivindicatorio amerita revisién adicional, solicito un segundo
examen de patentabilidad de conformidad con lo dispuesto en el Articulo 2 de la
Resolucion 3719 de 02 de febrero de 2016, para lo cual realizo el pago de tasa

correspondiente.
VIl. ENTREVISTA CON EXAMINADOR

Ademas de este memorial de respuesta he solicitado una entrevista en las oficinas de la
Direccion de Nuevas Creaciones con el fin de discutir con el Examinador temas que
considero de importancia para el tramite. Atentamente solicito no se resuelva este

expediente hasta después de llevar a cabo dicha entrevista.
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VIII. ANEXOS
1. Capitulo Reivindicatorio modificado conformado por 54 reivindicaciones;
2. Pago en linea por concepto de examen de patentabilidad adicional;
3. Articulos Fettelschoss et al., 2018 y Zeltins et al., 2017
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