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Modified Parapoxvirus having increased immunogenicity

[0001] Modified Parapoxvirus having increased immunogenicityThe present in-
vention relates to a modified Parapoxvirus, preferably a Parapoxvirus vector, having an
increased immunogenicity, a biological cell containing said modified Parapoxvirus, a
pharmaceutical composition, preferably a vaccine, containing said modified Parapoxvirus

vector and/or said cell, and a new use of said modified Parapoxvirus.

[0002] Modified viruses, e.g. viral vectors, have multiple applications in bio-
sciences, medicine and process engineering. For instance, viral vector-based vaccines
are promising to elicit cellular and humoral immune responses to any kind of antigen
peptides. Within the genus Parapoxvirus of the Poxviridae the Parapoxvirus ovis (Orf
virus; ORFV) strain D1701-V comprises various properties particularly favorable for the
development of a vector platform technology and was shown to facilitate various vaccina-

tion approaches.

[0003] One problem which can be found in the art of modified viruses or viral

vectors, however, is low immunogenicity. The low immunogenicity reduces the effectivity
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of viral vector-based vaccines. Current strategies to address this problem use the imple-
mentation of immuno-modulatory elements or the formulation of the viral vectors in con-
junction with pharmacological or immunological agents which improve the immune re-
sponse of a vaccine. However, these approaches have not been fully successful. Some
viral vectors are of limited packaging capacity and the expression of immunomodulatory
elements quite often render the viruses inoperable. Furthermore, adjuvants are frequently
toxic to the vaccinated organism that is why viral vector-based vaccination is often associ-
ated with side effects.

[0004] Against this background there is a need in the art to provide new modi-
fied viruses, in particular viral vectors, which can be used for the effective production of
viral vector-based vaccines and other applications, where the problems known in the art

are reduced or even avoided.

[0005] Therefore, it is an object underlying the invention to provide such a mod-
ified virus or viral vector, respectively, which is characterized by an increased immuno-
genicity without requiring the inclusion of immunomodulatory elements or the formulation
of the vector with adjuvants.

[0006] The invention satisfies these and other needs by providing a modified
Parapoxvirus, preferably a Parapoxvirus vector, comprising at least one functional muta-
tion in the viral open reading frame (ORF) encoding the 'NF-kB inhibitor', wherein said
vector comprises increased immunogenicity in comparison with the same vector without
said functional mutation.

[0007] According to the invention, 'Parapoxvirus' is a genus of viruses in the
family of Poxviridae and the subfamily of Chordopoxvirinae. Like all members of the family
Poxviridae they are oval, relatively large, double-stranded DNA viruses. Parapoxviruses
have a unique spiral coat that distinguishes them from other poxviruses. Parapoxviruses
infect vertebrates, including a wide selection of mammals, and humans. According to the

invention all kinds of Parapoxviruses are suitable, however, Orf viruses are of preference.
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[0008] According to the invention, 'modified' Parapoxvirus refers to a Para-

poxvirus-derived virus which has been technically modified over the wild type counterpart.

[0009] According to the invention a 'Parapoxvirus vector' refers to a vector or
plasmid based on or consisting of the Parapoxvirus genome, which is configured for the
transfection of biological cells, preferably of mammalian and human cells, and further
preferably also for the transport and/or the expression of a transgene or foreign gene

in(to) biological cells.

[0010] According to the invention 'NF-kB inhibitor' refers to a group of proteins
capable of reducing or eliciting the activity of transcription factor NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells). NF-kB is a protein complex that controls
transcription of DNA, cytokine production and cell survival. NF-kB is found in almost all
animal cell types and is involved in cellular responses to stimuli such as stress, cytokines,
free radicals, heavy metals, ultraviolet irradiation, oxidized LDL, and bacterial or viral anti-
gens. NF-kB plays a key role in regulating the immune response to infection. The NF-kB
transcription factor family consists of five members, which differ in their N-terminal Rel ho-
mology domain responsible for DNA sequence specific DNA binding and homo- or het-
erodimerization. The translocation of those dimers into the nucleus leads to the transcrip-
tion of genes involved in biological processes ranging from cell growth and survival, tissue
and organ development to immune response and inflammation, and is dependent on the
activation of two major signaling pathways, which respond to diverse stimuli including lig-
ands of pattern recognition receptors (PRRs), TNF receptor (TNFR) superfamily mem-
bers, as well as the TCR and BCR. While translocation in the canonical pathway relies on
the phosphorylation of IkBa by the multi-subunit IKB kinase (IKK) complex, the non-canon-
ical pathway involves the processing of the NF-kB precursor protein p100. Since poxvirus
infections, besides many others, are sensed by PRRs such as TLRs or retinoic acid-in-
ducible gene (RIG-I)-like receptors, these viruses have evolved strategies to interfere with
the NF-kB pathway. Thus, also ORFV has been described to encode for at least five NF-
kB inhibitors. Besides others, NF-kB inhibitor-encoding viral open reading frame 119
(ORF119) was described to harbor a C-terminal LxCxE motif allowing a strong interaction
with the retinoblastoma protein pRB, which is known for its tumor suppressor activity. By
preventing the recruitment of the TNF receptor associated factor 2 (TRAF2), ORF119/pRB
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inhibits TNFa-induced IKK activation and NF-kB signaling. Nevertheless and despite its
function in NF-kB signaling, ORF119 has also been shown recently to inhibit cell prolifera-
tion and to induce apoptosis in order to facilitate the release of viral particles. The interac-

tion between the NF-kB and apoptosis regulation thus still needs further investigations.

[0011] According to the invention, a 'functional mutation' refers to a genetic al-
teration of a gene and the encoded protein which, in comparison to the non-mutated wild
type, results in a change of activity and/or function. The functional mutation includes,
without being limited thereto, knockout, point, deletion, frame shift, and substitution
mutations etc., which all result in the alteration of NF-kB inhibitor function, whether a
dysfunctional NF-kB inhibitor will be the outcome or the expression of NF-kB inhibitor is

suppressed, reduced or avoided, respectively.

[0012] According to the invention, 'immunogenicity' is the ability of the Para-
poxvirus vector to provoke an immune response in the body of an animal of human being,
i.e. the ability to induce humoral and/or cell-mediated immune responses. The immuno-
genicity can be measured by various methods well known to the skilled person. An
overview on such methods can be found in Madhwa et al. (2015), Immunogenicity assess-
ment of biotherapeutic products: An overview of assays and their utility, Biologicals Vol.
43, Is. 5, pp. 298-306.

[0013] The inventors were able to realize that a Parapoxvirus vector having a
functionally mutated, preferably inactivated NF-kB inhibitor, is characterized by a particu-
lar solid and elevated immunogenicity in comparison with a non-mutated counterpart
vector or wild type virus, respectively. Increased immunogenicity was demonstrated by the
vector's ability to activate peripheral blood mononuclear cells, or to induce antigen-specific
immune responses in vitro. At the same time, the inventors found that the modified
Parapoxvirus or Parapoxvirus vector according to the invention still exhibits excellent
growth behavior and has the capability of expressing trans- or foreign genes. The analy-
ses performed by the inventors demonstrate a high potential for the design of vector-

based vaccines.



WO 2022/136033 PCT/EP2021/085774

[0014] Due to the identified increased immunogenicity the modified Para-
poxvirus or Parapoxvirus vector according to the invention are also well-qualified for other
applications, such as oncolytic virus or vector, immune stimulant, a tool for gene therapy

or an inactivated virus, respectively.

[0015] The findings of the inventors were surprising and could not be expected
by the skilled person. It could be assumed that the ORF encoding the NF-kB inhibitor is
essential or at least favorable for the functioning and replicability or the Parapoxvirus
genome and, consequently, for a Parapoxvirus-based vector. In other words, it could have
been assumed that in a Parapoxvirus vector it cannot be dispensed of the ORF encoding
the NF-kB inhibitor. Furthermore, a functional mutation in a viral ORF typically results in a
loss of immunogenicity and it could have been expected the same effect when mutating
the ORF encoding NF-kB inhibitor in Parapoxviruses. The art, therefore, points into a di-

rection opposite to the one the invention points to.

[0016] The problem underlying the invention is fully achieved herewith.

[0017] In an embodiment of the invention the functional mutation results in a re-

duction of the activity of NF-kB inhibitor over non-mutated NF-kB inhibitor.

[0018] This embodiment includes any kind of genetic alteration in the ORF en-
coding NF-kB inhibitor which results in a loss of function of NF-kB inhibitor (loss-of-func-
tion mutation) or, in comparison with the wild type counterpart, a significant reduction of
NF-kB inhibitor expression or activity, respectively. Therefore, this embodiment encom-
passes a downregulation of NF-kB inhibitor function which need not be a complete inacti-
vation. However, a complete inactivation or cativity reduction to zero of NF-kB inhibitor is
preferred in an embodiment of the invention. The mutation includes, without being limited
thereto, knockout, point, deletion, frame shift, and substitution mutations etc., which all re-
sult in the inactivation of NF-kB inhibitor function, whether a dysfunctional NF-kB inhibitor
will be the outcome or the expression of NF-kB inhibitor is suppressed, reduced or

avoided, respectively.
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[0019] In an embodiment of the invention the modified Parapoxvirus is a Para-
poxvirus ovis (Orf virus, ORFV) or the Parapoxvirus vector is a Parapoxvirus ovis (Orf
virus, ORFV) vector.

[0020] The Parapoxvirus ovis or Orf virus (ORFV) is the prototype of the genus
of the parapoxviruses and belongs to the family of the Poxviridae. ORFV are enveloped,
complex dsDNA viruses having a morphology that reminds of a ball of wool and have an
average size of approx. 260 x 160 nm. They comprise a linear DNA genome with high GC
content and a size of approx. 130 to 150 kbp, the central region of which is delimited on
both sides by ITR regions ("inverted terminal repeats") and ends in a hair-pin structure,
which covalently links both DNA single strands to each other. In the central region of the
genome there are predominantly genes which are mainly essential for the viral replication
and morphogenesis and which are highly conserved among the poxviruses. In contrast, in
the ITR regions there are so-called non-conserved virulence genes which significantly
determine the host range, the pathogenicity and the immunomodulation and, therefore,
characterize the virus.

[0021] ORFV has a variety of characteristics which makes it interesting for the
production of recombinant vaccines and prefers it over other technologies. In comparison
to orthopoxviruses ORFV is characterized by a very narrow natural host tropism which
includes sheep and goats. As a consequence, an inhibiting "preimmunity” against the
vector in humans, which is caused by a natural infection, as it can be observed in the
most common viral vectors of the vaccinia and adenoviruses, can be almost excluded.
Furthermore, the exceptionally weak and short-lived ORFV specific vector immunity
allows a very effective booster and/or refreshing vaccination or immunization with ORFV

based vaccines which are directed against further pathogens.

[0022] In another embodiment of the invention said ORFV is of the strain
D1701, preferably of the strain D1701-V.

[0023] This measure has the advantage that such a virus or vector is used

which is attenuated and causes only asymptotic infections in the host. According to the
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invention all variants of D1701 are covered, including D1701-B and D1701-V while the
latter is preferred. The characteristics of the strain D1701-V are disclosed in Rziha et al.
(2019), Genomic Characterization of Orf Virus Strain D1701-V (Parapoxvirus) and Devel-

opment of Novel Sites for Multiple Transgene Expression. Viruses 11(2), p. 127.

[0024] In another embodiment, said NF-kB inhibitor is encoded by viral open
reading frame 119 (ORF119), preferably said open reading frame (ORF) is located at the
nucleotide positions nt 14.344 £ 100 to nt 14.952 + 100.

[0025] With this measure, the particular open reading frame is provided as the
target for inactivation, which in ORFV D1701 encodes the NF-kB inhibitor. The skilled per-
son, therefore, receives detailed information of the place of mutation. In this context the in-
dicated nucleotide positions refer to a 31.805 nt comprising DNA sequence encoded by
the right hand part of the ORFV D1701-V genome as determined by Rziha, H.-J., unpub-

lished data as indicated in Figure 2b.

[0026] In a further embodiment the modified Parapoxvirus or Parapoxvirus vec-

tor according to the invention further comprises:

[0027] (1) atleast one nucleotide sequence encoding a transgene, and

[0028] (2) atleast one promoter controlling the expression of the transgene-

encoding nucleotide sequence.

[0029] According to the invention a 'transgene’, or synonymously a foreign
gene, refers to a gene or open reading frame (ORF) which does not originate from the

Parapoxvirus genome.

[0030] According to the invention a 'promoter' refers to such a nucleic acid sec-
tion which allows the regulated expression of the transgene in the Parapoxvirus vector of

the invention. Preferably it refers to an ORFV promoter, i.e. a promoter existing in the wild
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type ORFV genome or a promoter derived therefrom, or an artificial promoter, such as a

poxvirus promoter, CMV promoter etc.

[0031] This measure has the advantage that the virus or vector according to the
invention is used as a genetic tool for the production of any foreign protein, such as an
antigen. Together with the vector's excellent immunogenicity properties such embodiment
improves the suitability of the virus or vector according to the invention as active sub-

stance or component of a vaccine composition.

[0032] In a yet further embodiment of the invention said transgene-encoding
nucleotide sequence is inserted into said NF-kB inhibitor-encoding viral ORF, and/or,
alternatively, said NF-«B inhibitor-encoding viral ORF is replaced by said transgene

encoding nucleotide sequence.

[0033] According to the invention 'inserted into said NF-kB inhibitor-encoding vi-
ral ORF' means that the NF-kB inhibitor-encoding sequence or open reading frame,
respectively, is deleted or opened-up at any position and the transgene-encoding se-
quence along with its promoter is inserted. Sections of the NF-kB inhibitor-encoding
sequence may or may not be removed by said procedure. According to the invention
'replaced by said transgene encoding nucleotide sequence' means that the entire NF-kB
inhibitor-encoding viral ORF is removed from the virus or vector and the sequence gap
receives the transgene-encoding nucleotide sequence along with its promoter. This
embodiment has the advantage that the insertion of the transgene-encoding nucleotide

sequence provides for the functional mutation or inactivation of the NF-kB inhibitor.

[0034] In another embodiment said modified Parapoxvirus or Parapoxvirus vec-
tor according to the invention comprises more than one transgene-encoding nucleotide
sequence, preferably the number of transgene-encoding nucleotide sequences is selected

from the group consisting of: 2, 3, 4 or more.

[0035] In this embodiment the respective transgenes or transgene-encoding se-

guences can all be located in the NF-kB inhibitor-encoding viral ORF. However, alterna-
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tively, the various transgene-encoding sequences can also be located elsewhere at the
same or different locations in the virus or vector genome or construct, respectively. In ev-
ery insertion locus multiple foreign genes, preferably 2, 3, 4 or more, can be expressed.
For example, in ORFV D1701 or D1701-V the transgene-encoding sequences can prefer-
ably be located in any of the viral ORFs 112, 119, 126, etc.

[0036] This measure has the advantage that by means of a single modified
Parapoxvirus or Parapoxvirus vector according to the invention multiple foreign or trans-
genes can be expressed. This embodiment is especially appropriate for the production of
polyvalent vaccines which, at the same time, are directed against a number of antigenic

structures.

[0037] In another embodiment of the modified Parapoxvirus or Parapoxvirus
vector according to the invention the promoter is an early ORF promoter, which preferably
comprises a nucleotide sequence which is selected from: SEQ ID NO: 1 (eP1), SEQ ID
NO: 2 (eP2), SEQ ID NO: 3 (optimized "early"), SEQ ID NO: 4 (7.5 kDa promoter), and
SEQ ID NO: 5 (VEGF).

[0038] This measure has the advantage that such promoters are used which al-
low a high expression level of the transgene and a targeted control of the expression. The
promoters eP1 and eP2 were developed by the inventors and are published in Rziha, H.-
J., etal. (2019; /.c.). The remaining promoters originate from the vaccinia virus and are
described in other connections in Davidson and Moss (1989), Structure of Vacciniavirus
late promoters, J. Mol. Biol., Vol. 210, pp- 771-784, and Yang et al. (2011), Genome-wide
analysis of the 5" and 3' ends of Vaccinia Virus early mRNAs delineates regulatory se-
quences of annotated and anomalous transcripts, J. Virology, Vol. 85, No. 12, pp. 5897-
5909, Broyles (2003), Vaccinia virus transcription, J. Gene. Virol., Vol. 84, No. 9, pp.
2293-2303. According to the findings of the inventors P2 causes a significantly increased
expression strength in comparison to eP1. This was surprising because the promoter eP1
corresponds by 100% to the consensus sequence from the Vacciniavirus, however not
eP2. The low expression of the "optimum" Vacciniavirus promoter (Orthopox) in ORFV
(Parapox) is a contradiction and surprising. It is also surprising that the eP2 promoter re-

sults in a strong expression.
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[0039] In another embodiment of the modified Parapoxvirus or Parapoxvirus
vector according to the invention the transgene is selected from the group of the following
antigens:

- viral antigen, preferably

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
antigen, including spike (S), envelope (E), and nucleocapsid (N)
proteins;

rabies virus antigen, including glycoprotein (RabG);

influenza A antigen, including nucleoprotein (NP), hemagglutinin
(HA), neuraminidase (NA);

- tumor antigen, preferably viral tumor antigen, including HPV selective vi-
ral tumor antigen;

- tumor associated antigen, including viral tumor associated antigen, in-

cluding HPV selective viral tumor-associated antigen;

- parasitic antigen, preferably plasmodium antigen;

- cytokine;

- protein originated or derived from a mammal, preferably from a mammal
recipient.

[0040] This measure has the advantage that especially important antigens, in
particular for the production of vaccines, are expressible via the modified Parapoxvirus or

Parapoxvirus vector according to the invention.
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[0041] Another subject matter of the present invention relates to a biological
cell, preferably a mammalian cell, further preferably a Vero cell, a HEK 293 cell or an
antigen-presenting cell, containing the modified Parapoxvirus or Parapoxvirus vector

according to the invention.

[0042] Vero and HEK 293 cells are currently used for the production of the
modified virus or vector according to the invention. In the host, however, the virus is been

taken up be antigen-presenting cells.

[0043] Another subject matter of the present invention relates to a composition,
preferably a pharmaceutical composition, containing the modified Parapoxvirus or Para-
poxvirus vector of the invention and/or the cell of the invention, and a pharmaceutically
acceptable carrier. The pharmaceutical composition can be preferably a vaccine, further

preferably a polyvalent vaccine, an immune stimulant, a tool for gene therapy, etc.

[0044] Pharmaceutically acceptable carriers are well known in the art. They in-
clude, without being limited thereto, stabilizers, binders, diluents, salts, adjuvants, buffers,
lipids, etc. An overview can be found in Rowe (2020), Handbook of Pharmaceutical

Excipients, 9t edition, Pharmaceutical Press.

[0045] The characteristics, advantages, features, and further developments of
the modified Parapoxvirus or the Parapoxvirus vector according to the invention apply to

the cell of the invention and the composition of the invention in a corresponding manner.

[0046] Another subject-matter of the invention relates to the use of a modified
Parapoxvirus or a Parapoxvirus vector comprising at least one inactivating mutation in the
viral open reading frame (ORF) encoding the 'NF-kB inhibitor' for the induction of an

immune response in a living being, preferably a mammal or a human being.

[0047] The characteristics, advantages, features, and further developments of
the modified Parapoxvirus or the Parapoxvirus vector according to the invention apply to

the use of the invention in a corresponding manner.
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[0048] Itis to be understood that the previously mentioned features and those
to be explained in the following cannot only be used in the combination indicated in each
case, but also in other combinations or in isolated position without departing from the

scope of the invention.

EMBODIMENTS

[0049] The invention is now further explained by means of embodiments result-
ing in additional features, characteristics and advantages of the invention. The embodi-
ments are of pure illustrative nature and do not limit the scope or range of the invention.
The features mentioned in the specific embodiments are features of the invention and
may be seen as general features which are not applicable in the specific embodiment but
also in an isolated manner in the context of any embodiment of the invention. Reference is

made to the enclosed figures where the following is shown.

Fig. 1: Plasmid chart of pDel119-2-AcGFP.

Fig. 2: Graphical description of ORF119 deletion in the D1701-V genome. A) Shows
the genomic map of ORFV strain D1701-V as recently published by Rziha et
al. (2019; I.c.). B) Open reading frame (ORF) encoded by the right-hand part
of the genome; the 31.805 nt comprising DNA sequence was determined by
Rziha, H.-J., unpublished data. C) Enlargements of the genomic sites affected
by each gene deletion. The corresponding sequences are given in SEQ ID
NO: 6.

Fig. 3: GFP is stably integrated into Del119. 119 PCR after passage 1, 5, 10, 15 and
20 of VCh119GFP in Vero cells indicates a constant deletion of gene 119 (A),
while d119 PCRs result in 1155 bp fragments specific for GFP inserted into
the Del119 locus (B). 1% agarose gel; ni = DNA from not infected Vero cells;
M = Ready-To-Use 1 kb Ladder, Nippon Genetics.

Fig. 4: Plasmid chart of pDel119.
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Fig. 6:

Fig. 7:

Fig. 8:
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New Del-site recombinant VCh119GFP induces the expression of GFP and
mCherry in Vero cells. Fluorescence microscopy of single plagues was per-
formed five days after infection with the new Del-site recombinant and the ref-
erence virus VChD12GFP. Pictures obtained from bright field microscopy, sin-
gle GFP and mCherry channels as well as merged pictures are shown, while

scale bars represent 500 um.

Genetic stability of transgenes gfp and mcherry in Del-site recombinant
VCh119GFP. During ten serial passages (P1-P10), the expression of fluo-
rophores by infected Vero cells was determined by single plaque counting af-
ter 72 h post infection. Frequencies of single GFP (A) and single mCherry (B)
expressing plaques, as well as the overall frequency of plaques showing sin-
gle fluorescence (C) are shown for three viral clones per Del-site recombinant
obtained from 96-well limiting dilutions. The mean overall frequency of single

fluorescent plaques was calculated and plotted in (D).

Single step growth curves of Del-site recombinant VCh119GFP. Infected cells
(MOI 1) were washed and harvested 2 h after adsorption (0 hpi) and at the in-
dicated hours post infection (hpi), while total cell lysates were titrated on Vero
cells to determine the virus titer (PFU/ml). The virus growth curve of the re-
combinant VCh119GFP reaches comparable virus titers than the control
VChD12GFP after 120 h.

Comparison of GFP and mCherry expression in Vero cells. Vero cells were
infected with the new Del-site recombinant VCh119GFP and the reference
virus VChD12GFP, and harvested 24 hpi and 48 hpi. mCherry (A) and GFP
(B) geometric mean fluorescence intensities (MFI) were determined by FACS
analysis and normalized to that of VChD12GFP. Shown are duplicates of
three independent experiments. Statistical analysis was performed using an
unpaired t-test with a confidence interval of 95%: ns = p = 0.05, * = p < 0.05, **
=p <0.01, ** =p < 0.001.
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Fig. 9:

Fig. 10:

Fig. 11:
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Comparison of GFP and mCherry expression in monocytic THP-1 cells. THP-1
cells were infected with the new Del-site recombinant VCh119GFP and the
reference virus VChD12GFP, and harvested 24 hpi and 48 hpi. mCherry (A)
and GFP (B) geometric mean fluorescence intensities (MFI) were determined
by FACS analysis and normalized to that of VChD12GFP. Mean values of
each independent experiment were calculated to perform statistical analysis
using an unpaired t-test with a confidence interval of 95%: ns =p =0.05, * =p
<0.05 *=p<0.01, ** =p<0.001.

Activation of human PBMCs by new Del-site recombinant VCh119GFP.
PBMCs of eight different donors were infected for 24 h with VCh119GFP and
the reference virus VChD12GFP. The percentage of infected cells was deter-
mined by mCherry expression of the CD14+ cell population (A), while the acti-
vation of CD4+ (B) and CD8+ (C) T cell, CD19+ B cell (D) and CD56+ NK-cell
(E) populations was determined using CD69 as activation marker. Shown are
the CD69+ fractions of different PBMC populations for each of the eight inde-
pendently performed experiments and their means. Statistical analysis was
performed using a paired t-test with a confidence interval of 95%: ns=p =
0.05,*=p <0.05, **=p <0.01, *** = p <0.001.

Infection rates and expansion of memory T cells of 6 different donors after in-
fection with the new Del-site recombinant VHLA119GFP. CD14- PBMC popu-
lations were stimulated with Pepmix or CD14+ monocytes infected with
VHLA119GFP and the reference virus VHLAD12GFP. D12-Cherry infected as
well as unstimulated cells served as controls. A) Infection rates were deter-
mined 24 hpi by the expression of mCherry or GFP in CD14+ monocytes us-
ing FACS. B) After 12 days, the expansion of memory T cells was determined
by the proportion of tetramer+ CD8+ T cells (antigen-specific CD8+ T cells).
Colors indicate memory T cell specificities possessed by the different donors:
Black: GLCTLVAML and GILGFVFTL; Blue: GILGFVFTL and NLVPMVATV;
Green: GLCTLVAML, GILGFVFTL and NLVPMVATYV. Shown are the results

of 6 independent experiments and the calculated mean values. The statistical



WO 2022/136033 PCT/EP2021/085774

Fig. 12;

Fig. 13:
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analysis was performed using a paired t-test with a confidence interval of 95%:
ns=p=0.05 *=p<0.05 **=p<0.01, **=p <0.001.

Expansion and functionality of memory T cells of 6 different donors after infec-
tion with new Del-site recombinant VHLA119GFP. CD14- PBMC populations
were stimulated with Pepmix or CD14+ monocytes infected with VHLA119GFP
and the reference virus VHLAD12GFP. D12-Cherry infected as well as unstimu-
lated cells served as controls. A) After 12 days, the expansion of memory T
cells was determined by the proportion of GILGFVFTL, GLCTLVAML or
NLVPMVATYV tetramer+ CD8+ T cells, which is indicated by different symbols.
B) The functionality of the expanded CD8+ T cells was analyzed after re-stimu-
lation with GILGFVFTL, GLCTLVAML or NLVPMVATYV by intracellular staining
of TNFa and IFNy, and the proportion of TNFa+ IFNy+ CD8+ T cells was deter-
mined. Shown are the results of 6 independent experiments and the calculated
mean values. The statistical analysis was performed using a paired t-test with a
confidence interval of 95%: ns=p=0.05, *=p <0.05,*=p<0.01,*™ =p <
0.001.

Humoral and cellular immune responses stimulated by SARS-CoV-2 ORFV
recombinants. CD1 mice were immunized twice in a two week interval with
107 PFU of control ORFV recombinants expressing N- or S1- SARS-CoV-2
proteins, or with the ORFV vectors containing an ORF119 deletion. A) - B) N-
and S1-specific binding total IgG induced by the ORFV vectors were evalu-
ated after the second immunization by ELISA. One-way ANOVA with Dun-
nett's multiple comparison test was used to evaluate differences between

binding antibody endpoint titers compared to the control ORFV group.
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1. Preliminary remark

[0050] The presentinvention relates to the use of modified Parapoxviruses or
Parapoxvirus vectors as a tool for the induction of an increased immune response in living
beings and, in a further development, the expression of a trans- or foreign gene. To allow
the insertion of multiple transgenes into a single Parapoxvirus vector, the present inven-
tion also relates to the suitability of the open reading frame (ORF) encoding the 'NF-kB
inhibitor', such as ORF119 in Parapoxvirus ovis (Orf virus, ORFV) stain D1701 and
D1701-V, as insertion site for transgene expression. The novel deletion mutants were
subjected to detailed characterization of the genetic stability of inserted AcGFP (GFP)
reporter constructs, their growth behavior and capability to induce transgene expression in
different target cells in vitro. Additionally, the mutants’ immunogenicity was analyzed by its
ability to activate peripheral blood mononuclear cells and antigen presenting cells, or to
induce antigen-specific immune responses in vitro and in vivo. Taken together, the
analyses performed demonstrate a high potential for the design of polyvalent, single
vectored vaccines by integrating knockouts of NF-«kB inhibitor-encoding ORFs into the
Parapoxvirus genome. Thus, the exchange of the open reading frame with the reporter
gene GFP resulted not only in efficient replication of stable vectors expressing the desired
transgene, but also attributed remarkable immunogenicity properties to the newly gener-

ated recombinants.

[0051] 2. Introduction

[0052] The ORFV strain D1701-V was obtained from the bovine kidney cell line
BK-KL3A adapted strain D1701-B and showed several genomic rearrangements after
adaptation for growth in the African green monkey cell line Vero; Cottone, R., et al. (1998),
Analysis of genomic rearrangement and subsequent gene deletion of the attenuated Orf
virus strain D1701, Virus Research 56(1), p. 53-67; Rziha, H.J., et al. (2000), Generation
of recombinant parapoxviruses: non-essential genes suitable for insertion and expression
of foreign genes, Journal of Biotechnology 83(1), p. 137-145. These genomic rearrange-
ments include the deletion of genes that are non-essential for the strain’s replication and
were shown suitable for transgene expression such as the deleted region D (D locus);
Rziha, H.-J., et al. (2019; /.c.). Furthermore, the angiogenic factor VEGF-E was predicted
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a major virulence determinant responsible for the induction of bloody lesions in sheep
Rziha, H.J., et al. (2000; /.c.) and thus, used as insertion site to generate ORFV recombi-
nants triggering long-lasting immunity with a high protective efficacy against several viral
diseases in different hosts. Besides these successfully used insertion sites, other genes
potentially suited for transgene expression have been identified in the terminal ends of the
D1701-V genome. As the central regions of poxviruses generally encode for essential
genes conserved in position, spacing and orientation, these regions encode for factors in-
fluencing virulence, pathogenesis or host range and are considered dispensable for in
vitro growth. While these factors are predicted to interfere with the optimal induction of cel-
lular and humoral immune responses triggered by the host, a deletion of these im-
munomodulatory genes may further enhance the immunogenicity of the D1701-V vector.
Thus, the present work focuses on the deletion of the gene encoding the 'NF-kB inhibitor’

and its use as insertion site for transgene expression.

NF-kB inhibitor - ORF119

[0053] The NF-kB transcription factor family consists of five members, which
differ in their N-terminal Rel homology domain responsible for DNA sequence specific
DNA binding and homo- or heterodimerization. The translocation of those dimers into the
nucleus leads to the transcription of genes involved in biological processes ranging from
cell growth and survival, tissue and organ development to immune response and inflam-
mation, and is dependent on the activation of two major signaling pathways, which re-
spond to diverse stimuli including ligands of pattern recognition receptors (PRRs), TNF re-
ceptor (TNFR) superfamily members, as well as the TCR and BCR. While translocation in
the canonical pathway relies on the phosphorylation of IkBa by the multi-subunit I1kB ki-
nase (IKK) complex, the non-canonical pathway involves the processing of the NF-kB pre-

cursor protein p100.

[0054] Since poxvirus infections, besides many others, are sensed by PRRs
such as TLRs or retinoic acid-inducible gene (RIG-I)-like receptors, these viruses have
evolved strategies to interfere with the NF-kB pathway. Thus, also ORFV has been de-
scribed to encode for at least five NF-kB inhibitors. Besides others, ORF119 was de-

scribed to harbor a C-terminal LxCxE motif allowing a strong interaction with the
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retinoblastoma protein pRB, which is known for its tumor suppressor activity. By prevent-
ing the recruitment of the TNF receptor associated factor 2 (TRAF2), ORF119/pRB in-
hibits TNFa-induced IKK activation and NF-kB signaling; see Nagendraprabhu, P., et al.
(2017), A parapoxviral virion protein targets the retinoblastoma protein to inhibit NF-kap-
paB signaling. PLoS Pathog. 13(12): p. e1006779. Nevertheless and despite its function
in NF-kB signaling, ORF119 has also been shown recently to inhibit cell proliferation and
to induce apoptosis in order to facilitate the release of viral particles; see Li, W., et al.
(2018), Orf Virus Encoded Protein ORFV119 Induces Cell Apoptosis Through the Extrin-
sic and Intrinsic Pathways. Front. Microbiol. 9: p. 1056. The interaction between the NF-

KB and apoptosis regulation thus still needs further investigations.

3. Material and methods

Generation and characterization of new Del-site recombinants

[0055] In order to generate the ORFV recombinants used in this work, trans-
genes synthesized and obtained from Invitrogen were cloned into transfer plasmids.
Stable integration of transgenes into the ORFV genome was accomplished by homolo-
gous recombination between the transfer plasmid and the genomic DNA of the parental

virus following transfection by nucleofection and subsequent infection of Vero cells.

Generation of transfer plasmids

[0056] DNA inserts as well as plasmid vectors were digested using the same
restriction enzymes, fragments of interest were purified and ligated. Subsequently,
bacteria were transformed with ligated plasmids and colonies selected to produce the
transfer plasmids. For validation, control digests using restriction enzymes was followed
by agarose gel electrophoreses, while DNA sequencing using insert specific primers
confirmed correct insertion of the transgenes into the plasmid vector. The following table
summarizes the transfer plasmid generated, while the plasmid chart and corresponding
sequence (SEQ ID NO: 7) are shown in Figure 1.
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Transfer Plasmid Insert Vector Parental Vector Restriction digest
pDel119-2-AcGFP DD12-ACGFP pDel119 Miul/ Spel (93743315 bp)

Transfection of ORFV infected Vero Cells

[0057] The generation of recombinant ORFVs followed two steps, in which Vero
cells were transfected with transfer plasmids prior to infection with ORFV. Transfection
was performed by an electroporation-based transfection method called nucleofection. Due
to homologous sequences on the transfer plasmid and the ORFV genome, the inserts
could be integrated into the ORFV genome via homologous recombination. For this pur-
pose, Vero cells were detached using trypsin, re-suspended in 5 ml NF stop solution and
counted. For each transfection batch, 2.5 x 108 cells were transferred into a 1.5 ml Eppen-
dorf cup and centrifuged at 63 rcf for 10 min. The cell pellet was re-suspended in 100 pl
transfection solution (transfection supplement and CLB transfection buffer of the Amaxa
transfection kit mixed in a ratio of 1:4.5), supplemented with 2 ug plasmid DNA and trans-
ferred into a transfection cuvette. For transfection, the CLB Transfection Device was used.
Subsequently, nucleofected cells were re-suspended in NF stop solution and transferred
into a T25 cell culture flask containing 6 ml pre-warmed Vero cell medium using a Pasteur
pipette. Cells were immediately infected with parental virus (MOI 1) for 4 hours at 37°C
and 5% CO,, washed using 6 ml pre-warmed PBS and incubated in fresh Vero cell
medium for 72 h at 37°C and 5% CO,. When virus plaques or a cytopathic effect (CPE)
could be observed, cells were frozen and thawed three times at -80°C and 37°C in a water

bath, respectively, to disrupt the cells and release viral progeny.

Selection of ORFV recombinants

[0058] Homologous recombination is an event occurring in a ratio of approxi-
mately 1:10000 between the insert of the transfer plasmid and the target region in the
ORFV genome. To select for this rare event and to separate the recombinant ORFVs from

parental viruses, different selection methods can be used.
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FACS based selection of ORFV recombinants

[0059] Selection by fluorescence activated cell sorting (FACS) is based on the
loss or gain of a fluorescent label such as GFP or mCherry. For this purpose, 3 x 10° Vero
cells were seeded in a 6-well plate containing 3 ml Vero cell medium. Transfection lysate
was used for infection in serial dilutions and took place for 20-24 h at 37°C and 5% CO..
To ensure an optimal selection process, cells with a low infection rate of approximately 1-
5% were harvested and centrifuged for 5 min at 400 rcf. Subsequently, cells were washed
thrice with 1 ml PBE and eventually re-suspended in 500 ul PBE. Single cell FACS sorting
was performed into a 96-well plate containing 10* Vero cells per well in 150 ul Vero cell
medium using the BD FACSjazz (Biosciences). After 72 h of incubation at 37°C and 5%
CO,, wells showing single virus plaques of recombinant ORFV could be picked for further

propagations and analyses.

Selection of ORFV recombinants by limiting dilutions

[0060] Further selection and purification of recombinant viruses after FACS
based sorting or MACS selection was carried out by limiting dilutions. For this purpose, 2
x 108 Vero cells in 25 ml of Vero cell medium were split into a 12-well pipetting reservoir,
in which the first and the rest of wells contained either 3 ml or 2 ml of the cell solution,
respectively. The first well was supplemented with either 3 x 10° cells of the MACS
selection or 50-100 pl of virus lysate and diluted 1:3 each from the first to the last well. 150
I of each dilution were transferred into the corresponding wells of a 96-well plate and
incubated at 37°C and 5% CO, for 72 h. After 72 h, wells containing single virus plaques

could be selected for further processing by (fluorescence-) microscopy.

Determination of genetic stability by serial passages

[0061] To investigate the genetic stability of fluorophore coding sites, ten serial
passages of respective ORFV recombinants were performed. For this, 5 x 10° Vero cells
were seeded in 6-well plates containing 3 ml Vero cell medium. At first, virus lysates

showing one single plaque in a limiting dilution were used for infection in serial dilutions
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and took place for 2 h at 37°C and 5% CO,. Cells were washed twice with PBS and were
subsequently incubated in 3 ml Vero cell medium for 72 h at 37°C and 5% CO,. Fluores-

cent plaque counts were determined for wells showing 100-200 plaques using the Eclipse
Ti2 microscope (Nikon). Next, cells were frozen at -80°C, thawed at RT and 50 pl of virus

lysates were used to infect freshly seeded Vero cells as described above.

Isolation of PBMCs from donated blood

[0062] Peripheral blood mononuclear cells (PBMCs) could be isolated from
blood donations obtained from the blood donation center TUbingen. First, the blood was
diluted with PBS to a total volume of 100 ml. Next, 4 x 15 ml Ficoll in 50 ml tubes were
overlaid with 25 ml of diluted blood each and centrifuged at 700 x g and RT for 20 min.
Leukocytes, which could be identified by the formation of a white layer after density gradi-
ent centrifugation, were transferred into two 50 ml tubes and each were supplemented
with PBS up to a volume of 50 ml. After centrifugation at 400 x g and RT for 10 min, the
cell pellets were re-suspended in 50 ml PBS and centrifuged at 300 x g and RT for 10
min. PBMCs were merged and supplemented with PBS up to a volume of 50 ml, and the

cell number was determined.

Isolation of Monocytes from PBMCs

[0063] The principle of isolating monocytes from PBMCs relies on the expres-
sion of CD14 by monocytes. Hence, PBMCs were centrifuged at 300 x g and RT for 10
min and the pellet was re-suspended in 4 ml PBE and 100 pl of 0-CD14 MicroBeads. The
suspension was incubated at 4°C for 15 min and loaded onto a LS column equilibrated
with PBE. The column was washed three times with 3 ml PBE before the CD14+ mono-

cytes could be eluted from the column with 5 ml PBE and counted.

Cultivation of monocytes and PBMCs

[0064] Monocytes and PBMCs were cultivated in IMDM complete medium at
37°C and 5% CO,. For experimental procedures, 3 x 105 monocytes and 5 x 105 PBMCs
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were seeded in 200 ul per well in 96-well round bottom plates, while 1 x 105 monocytes

were seeded to be differentiated into dendritic cells.

Expansion of human antigen-specific memory CD8+ T cells (12 day stimulation)

[0065] The expansion of antigen-specific memory CD8+ T cells is based on
their stimulation by monocytes presenting HLA-A*02 restricted Epstein-Barr Virus (EBV)
BMLF1280-288 GLCTLVAML, Influenza A MP58-66 GILGFVFTL and Human Cy-
tomegalovirus (HCMV) pp65495-503 NLVPMVATYV epitopes over a time period of 12
days. Thus, blood from HLA*AO2 positive donors was processed as described above and
monocytes were cultivated to be infected with various dilutions of different ORFV recombi-
nants or stimulated with 1 uM synthetic peptide, respectively. Additionally, viable cell
counting was performed for the CD14- fraction, 5 x 10° cells were seeded in 100 pl T cell
medium per well in a 96-well round bottom plate and incubated at 37°C and 5% CO,. After
20-24h, 20 pl of each infected monocyte group was transferred into a new 96-well plate
and washed three times with PFEA by centrifugation at 700 x g and RT. FACS analysis
was performed to determine the infection rates, while monocytes showing an infection rate
of approximately 20% were co-cultured with CD14- fractions in a total volume of 200 pl T
cell medium. Every 2-3 days, 50 ul of medium was replaced by fresh T cell medium
containing 20 U/ml IL-2. After 12 days of stimulation, expansion of CD8+ T cells was
analyzed by tetramer staining and functionality of the antigen-specific CD8+ T cells was

evaluated by intracellular cytokine staining.

Flow cytometry

[0066] The viability and infection rates, as well as the expression of surface and
intracellular molecules was analyzed using the BD LSRFortessa flow cytometry system
(BD Biosciences). The preparation of samples and staining of cells with fluorescence-la-
beled antibodies was carried out in 96-well U-bottom plates, while centrifugation occurred
at 4°C and 400 x g for 5 min. For the determination of infection rates, cells were washed
twice in 200 ul PFEA, and were re-suspended in 50 ul PFEA or optionally fixed for FACS
analyses.
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Inhibition of Fc receptors

[0067] To prevent non-specific antibody binding, cells expressing Fc receptors
were treated with Fc-block according to manufacturers’ instructions prior to staining

procedures.

Staining with multimeres

[0068] Multimeres are frequently used to identify and quantify antigen-specific T
cells. Tetramers consist of four recombinant MHC molecules conjugated to a fluorescently
labeled streptavidin complex. In contrast, dextramers consist of a dextran backbone that
carries several fluorophores and MHC molecules. Multimeres can be loaded with peptides
of interest to form peptide-MHC complexes recognized by specific T cells, and thus, be
detected by flow cytometry. For this, cells were washed twice with 200 ul of PBS and re-
suspended in 50 ul of tetramer solution or PBS, respectively. Prior to staining with 50 ul of
tetramer solution, PE-conjugated HLA tetramers were mixed 1:50 with tetramer buffer and
centrifuged at 13.000 x g for 10 min. Staining with dextramers followed the same proce-
dure by mixing dextramers in a ratio of 1:10 with PBS. The incubation was carried out at
RT for 30 min in the dark.

Determination of cell viability

[0069] Cell viability was determined by Zombie Aqua staining. Zombie Aqua is
an amine-reactive fluorescent dye that cannot penetrate live cells but enters cells with
compromised membranes. Therefore, it can be used to differentiate between live and
dead mammalian cells. For Zombie Aqua staining, cells were washed twice with 200 pl
PBS and re-suspended in 50 ul of Zombie Aqua diluted 1:400 in PBS for 30 min at 4°C in
the dark.
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Extracellular antibody staining

[0070] For the analysis of surface molecule expression, cells were washed
twice with 200 ul PFEA, re-suspended in 50 pl of freshly prepared antibody mix in PFEA
and incubated for 30 min at 4°C in the dark.

Intracellular cytokine staining

[0071] For the detection of intracellular cytokines, the cells were treated with 10
ug/ml Brefeldin A to prevent secretion of proteins and stimulated with respective synthetic
peptides for 12-14 h. Prior to intracellular cytokine staining, cells were washed twice with
200 pl PFEA and permeabilized by incubation with 50 ul Cytofix/Cytoperm for 30 min at
4°C in the dark. Next, cells were re-suspended and washed twice with 200 yl Permwash
and subsequently stained with 50 pl antibody mix in Permwash for 30 min at 4°C in the
dark.

Fixation of cells

[0072] For storage exceeding 4 h, cells were fixed. For this, cells were washed
twice with 200 ul PFEA, re-suspended in 50 ul PFEA + 1% formaldehyde and stored at

4°C in the dark. Analysis of samples was carried out within 10 days.

Mouse immunization

[0073] Outbred CD1 mice (N=10) of at least 6 weeks of age were obtained from
Charles River (Charles River Laboratories, Germany) and were housed in the biosafety
level 1 animal facility at the University of Tubingen, Germany. All animals were handled in
strict accordance with good animal practice and complied with the guidelines of the local
animal experimentation and ethics committee — experiments were conducted under
Project License (Nr. IM 1/20G). Mice were immunized intramuscularly (i.m.) in the anterior
tibialis with 107 plaque forming units (PFU) of ORFV recombinants twice with a two weeks

interval. Blood samples for humoral immune analysis were collected by retro-orbital
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bleeding two weeks post booster immunization. Splenocytes for cellular immune analysis
were collected two weeks post booster immunization and were isolated by standard pro-

cedure after animals were humanely euthanized.

Enzyme-linked immunosorbent assay (ELISA) for mouse sera

[0074] SARS-CoV-2 Nucleoprotein (N)- and Spike (S)- specific antibodies in im-
munized mice were evaluated using COVID-19 N-Protein and S-Protein (S1RBD)
COVID19 human IgG antibody ELISA kits (Catalog #: IEQ-CoVN-IgG and IEQ-
CoVS1RBD-IgG respectively, RayBiotech, USA) according manufacturer’s instructions.
Biotinylated anti-human 1gG antibody and HRP-streptavidin from the kit were replaced by
HRP-conjugated anti-mouse IgG secondary antibody (ab6728, Abcam, UK) in 1:5000 dilu-
tion for 30 min. Binding antibodies endpoint titers were calculated as follows: the log10 ab-
sorbance units (OD) was plotted against log10 sample dilution. A regression analysis of
the linear part of this curve allowed calculation of the endpoint titer with an OD higher than
the average OD in mock immunized mice plus 5 times the standard deviation of the OD at

the same dilution.

4. Results

Generation of new Del-site recombinants

[0075] After the successful generation of transfer plasmids, the new ORFV re-
combinant was generated as described in the methods in detail. Thus, the plasmid
pDel119-2-AcGFP was transferred into Vero cells by nucleofection, which were subse-
quently infected with the parental virus V12-Cherry. Due to homologous sequences in the
ORFV genome and the insert flanking regions of the transfer plasmid, homologous recom-
bination led to stable exchange of ORF119 by GFP in the ORFV D1701-V genome (Fig-
ure 2). The exact position of ORF119 in the right-hand part of the 31.805 nt comprising
DNA sequence of the D1701-V (Rziha, H.-J., unpublished, Figure 2B) is shown in the fol-

lowing table:
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Gene/ORF . ORF19
- Nucleotide position (Rziha, H.-J., unpublished) 14.344 - 14 952

[0076] Next, new ORFV recombinants could be isolated from infected GFP and
mCherry expressing Vero cells selected by FACS sorting and limiting dilutions. DNA
isolation followed by insert and locus specific PCR typing allowed monitoring of the
genetic homogeneity of the purified ORFV recombinants as shown in Figure 3. Here, 119
and d119 PCR proved both, the deletion of the ORF119 and exchange with the GFP
encoding sequence. Subsequently, the new ORFV recombinants were propagated in

large scale as described above.

[0077] Recombinant ORFV deletion mutants could also be generated, which
only led to the deletion of ORF119 without the insertion of GFP and thus, a loss of func-
tional ORF119 gene product leading to enhanced immunogenicity compared to the
parental virus. The corresponding transfer plasmid and sequence can be found in Figure 4
and SEQ ID NO: 8.

[0078] GFP is stably inserted into the new Del-Sites To investigate the stability
of inserted GFP into the new Del-sites, Vero cells were infected with the new Del-site
recombinant VCh119GFP and the reference virus VChD12GFP and 20 serial passages
were performed. Both, GFP and mCherry fluorescence could be observed by fluores-
cence microscopy in single plaques resulting from Vero cell infection with the new Del-site

recombinant throughout this experiment as shown in Figure 5.

[0079] Additionally, viral DNA was isolated from infected Vero cells after Pas-
sage 1, 5, 10, 15 and 20, and deleted gene-specific as well as locus-specific PCRs were
performed to examine the Del-locus’ integrity. As shown, no ORF119 specific 407 bp
fragments could be detected in 119 PCRs during 20 passages (Figure 3A), while the
deletion site showed 1155 bp fragments specific for GFP inserted into the Del119 locus
using the d119 PCR (Figure 3B).
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[0080] Finally, the stability of transgenes inserted into new Del-sites was exam-
ined during ten serial passages of three biological replicates (virus clones) of the ORFV
D1701-V recombinants. After 72 h of infection, wells containing 100-200 plaques were
used to determine the amount of single plaques expressing both, GFP and mCherry fluo-
rophores, or either GFP or mCherry by fluorescence microscopy. The percentages of
plaques expressing only one fluorophore during ten serial passages are shown in Figure
6.

[0081] The results demonstrate frequencies of less than 1% single GFP and
mCherry expressing plaques using VCh119GFP. Figure 6B indicates that more than 1%
of single mCherry expressing plaques were observed for VCh119GFP at passage 4 and
7, however, frequencies did not increase over time and were measured for most replicates
below 1%. Taken together, the results presented suggest that GFP is stably expressed in
Vero cells infected with the new Del-site recombinant and can be detected throughout 20
passages in the predicted genomic locus. Furthermore, the genetic stability of both, GFP
and mCherry in the new Del-site or the vegf-locus, respectively, was validated in ten serial
passages studying the fluorescence of infected Vero cells. Since at least 99 % of all
counted lytic plaques infected with each new Del-site recombinant expressed GFP and
mCherry simultaneously after ten passages, these results indicate genetic stability of the

examined genomic loci.

Characterization of new Del-site recombinants’ growth behavior

[0082] To investigate, whether the deletion introduced into the new Del-site re-
combinant alters the in vitro growth characteristics in the ORFV permissive Vero cells
compared to the reference virus VChD12GFP, single-step growth curve experiments were
performed. For this, Vero cells were infected with the new Del-site recombinant
VCh119GFP leading to infection rates of approximately 20-25% after 24 h. Infected cells
were washed and harvested 2 h after adsorption (designated Oh) or6 h, 24 h, 48 h, 72 h,
96 h and 120 h post infection. Virus lysates were titrated on Vero cells to determine the
number of infectious particles measured in plaque forming units per ml (PFU/ml). The ex-
periment was performed three times for each recombinant and the results are shown in

Figure 7.
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[0083] The growth characteristics of Del-site recombinant VCh119GFP resem-
bles the ones obtained for the reference virus VChD12GFP reaching comparable final
titers of approximately 107 PFU/ml after 120 hpi. Notably, the growth curve of VCh119GFP
indicates lower virus input as used for the growth curve of VChD12GFP and showed only
slightly diminished final virus titers compared to the control throughout the experiment
(Figure 7). Nevertheless, these results suggest VCh119GFP to be replication efficient as it

was able to produce infectious progeny in the permissive cell line Vero.

Analyses on expression strengths using new Del-Sites

[0084] To investigate the potential of transgene expression by the new Del-site
recombinant, the reporter gene GFP integrated into the ORF119 and mCherry inserted
into the vegf-locus were used to compare their expression strength after ORFV infection
of Vero cells, the monocytic cell line THP-1 and of human primary monocyte derived
dendritic cells (moDCs). For this, cells were seeded and infected VCh119GFP and the
reference virus VChD12GFP for 24 h or 48 h. Subsequently, FACS analysis was per-
formed and geometric mean fluorescent intensities (MFI) of GFP and mCherry expressed
in the cells were determined. For the analysis of moDCs, experiments were performed
with cells from several donors to estimate the differences between individuals. MFlIs
identified from new Del-site recombinants’ infections were normalized to the mean of
VChD12GFP derived MFls of the same experiment. Results obtained from Vero cells and

THP-1 cells are shown in Figure 8 and Figure 9, respectively.

[0085] For Vero cells, three independent experiments were performed in dupli-
cates. The mCherry expression was comparable to VChD12GFP after VCh119GFP
infection at 24 hpi and 48 hpi (Figure 8A). Notably, VCh119GFP infection lead to 1.1- to
1.5-fold enhanced GFP levels at both time points suggesting a positive impact of ORF119
deletion on transgene expression from the vegf- and Del-119 locus in Vero cells com-
pared to VChD12GFP.

[0086] The expression strength of GFP and mCherry in monocytic THP-1 cells

was analyzed in four independent experiments including three to six replicates 24 h after
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infection, and in two independent experiments including triplicates 48 h after infection,
respectively. Here, mean mCherry levels resembled VChD12GFP induced levels after 24
h, while 1.4-fold stronger MFls were obtained from THP-1 cells infected with VCh119GFP
as shown in Figure 9A. Additionally, the GFP expression was accelerated in VCh119GFP
infected THP1 cells compared to VChD12GFP after 24 h and 48 h (Figure 9B). Consider-
ing these elevated transgene levels in comparison to VChD12GFP, the deletion of
ORF119 seems to facilitate the expression of transgenes integrated into the vegf-locus,
whereas transgenes inserted into OF 119 are expressed stronger than those encoded by
the D-locus in THP-1 cells.

[0087] In conclusion, the analyses on expression strengths show that the dele-
tion of ORF119 and its replacement with gfp causes alterations in the expression of trans-
genes inserted into the vegf-locus. Thus, the deletion of ORF119 seemed to affect the ex-
pression kinetics of inserted transgenes as comparable or higher expression levels could
be achieved in Vero and THP-1 cells upon VCh119GFP infection in comparison to infec-
tion with the reference virus.

Activation of human PBMCs by Infection with new Del-site Recombinants

[0088] Previously, Mdller et al. (2019, in preparation) could show that the up-
take of D1701-V ORFV recombinants encoding different transgenes can alter the activa-
tion of antigen presenting cells (APCs). Thus, PBMCs were isolated from blood of eight
healthy donors and in vitro infected for 24 h with the new Del-site recombinant
VCh119GFP and the reference virus VChD12GFP. As monocytes are the only cell popu-
lation within PBMCs to take up ORFV D1701-V, infection rates were determined by the
mCherry expression in the CD14+ PBMC population. Samples showing most comparably
infected monocytes within one donor were analyzed. After 24 h, PBMCs were harvested
and the expression of the activation marker CD69 was determined on CD4+ and CD8+ T
cells, CD14+ monocytes, CD19+ B cells and CD56+ NK by flow cytometry using surface

marker specific antibodies.
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[0089] Analyses on PBMC activation upon infection using the new Del-site re-
combinant VCh119GFP and VChD12GFP as a reference are shown in Figure 10. Mean
infection rates illustrated in Figure 10A ranged from approximately 20% - 25%, while high
variations could be observed between different donors ranging from 10% - 30%. The acti-
vation of CD19+ B-cells infected with VCh119GFP was elevated compared to the refer-
ence virus VChD12GFP. In contrast, significant differences for the activation of CD4+,
CD8+ and CD56+ were found comparing PBMCs infected with VChD12GFP and
VCh119GFP. Hence, almost two times the amount of cells expressed CD69 in the group
infected with VCh119GFP compared to VChD12GFP (Figure 10C). Similar results were
observed for the expression of CD69 in CD4+ cells depicted in Figure 10B, in which
significantly larger populations were activated in PBMCs infected with VCh119GFP
compared to the group infected with VChD12GFP. Here, the population increased five-
fold in comparison to PBMCs treated with VChD12GFP. Lastly, also the CD56+ NK-cell
population revealed significantly stronger activation upon infection with VCh119GFP in
comparison to the PBMCs infected with VChD12GFP (Figure 10E).

[0090] Analyses performed on the activation on PBMCs by infection with the
new Del-site recombinant VCh119GFP revealed enlarged CD4+ and CD8+ T cell as well
as CD19+ B cell and CD56+ NK-cell populations expressing the activation marker CD69
compared to the reference virus VChD12GFP.

In vitro expansion of human antigen-specific memory CD8+ T cells

[0091] To further study the immunogenicity of the new Del-site recombinant
VCh119GFP in vitro, its capacity to induce antigen-specific immune responses was
analyzed. Therefore, new Del-site recombinants encoding for the HLA-A*02 restricted
EBV (BMLF1280-288 GLCTLVAML), Influenza A (MP58-66 GILGFVFTL) and HCMV
(ppB5495-503 NLVPMVATYV) epitopes were generated. Subsequently, CD14+ fractions
isolated from human PBMCs were infected with the newly generated recombinants
VHLA119GFP and the reference virus VHLAD12GFP, or stimulated with a mix of corre-
sponding synthetic peptides (Pepmix). Infection rates were determined by the mCherry or
GFP expression using FACS, and monocytes showing comparable percentages within

one donor were co-cultured with the CD14- fractions of PBMCs after 24 hpi. The expan-
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sion of antigen-specific CD8+ T cells as well as their functionality was determined 12 days
after infection via tetramer staining and intracellular cytokine staining (ICS), respectively.
Unstimulated CD14- fractions served as negative controls, while stimulation using a mix-
ture of synthetic GLCTLVAML, GILGFVFTL and NLVPMVATYV peptides represented the
positive control. Additionally, CD14- fractions were stimulated with D12-Cherry infected
CD14+ cells to study the influence of ORFV D1701-V without antigen on the expansion

and functionality of T cells.

[0092] 24 h after infection, monocytes showed mean infection rates of approxi-
mately 10% - 15%, however, high variations were seen between donors resulting in per-
centages ranging from 5% - 25% (Figure 11A). After 12 days, the expansion of T cells
was measured by tetramer staining and their functionality was analyzed by ICS. Tetramer
staining revealed that ORFV D1701-V recombinants encoding the HLA-A*02 restricted
EBV, Influenza A and HCMV peptides, or the stimulation with Pepmix elicited antigen-spe-
cific CD8+ T cell proliferation. Interestingly, the expansion of CD8+ T cells could be in-
duced against all peptides that the donors possessed memory T cells against. The mean
frequencies of CD8+ T cells specific for any of the peptides as well as those obtained for
each donor after 12 days of expansion are shown in Figure 11B. A high variation in T cell
responses from different donors could be detected. Thus, donor #186 showed antigen-
specific CD8+ T cell frequencies of approximately 55% after stimulation, while only 10%
CDB8+ T cells could be expanded for donor #016. Nevertheless, the T cell responses
elicited by the deletion mutant VHLA119GFP were in mean increased 1.4-fold compared
to the reference virus VHLAD12GFP showing approximately 35% of CD8+ T cells specific
for any of the peptides.

[0093] In addition, analyses undertaken on the expansion of memory T cells
specific for each of the peptides showed that mean frequencies of peptide specific CD8+
T cells could be significantly elevated 1.3-fold by the stimulation with VHLA119GFP in-
fected monocytes compared to the stimulation with the reference virus VHLAD12GFP
(Figure 12A). Analyses on the functionality of memory T cells after re-stimulation with
GLCTLVAML, GILGFVFTL or NLVPMVATYV indicate the production of the pro-inflamma-
tory cytokines TNFa and IFNy in approximately 5% of the CD8+ T cells stimulated with
Pepmix (Figure 12B). Here, the functionality of CD8+ T cells was significantly reduced 2-



WO 2022/136033 PCT/EP2021/085774

32

fold compared to those stimulated by monocytes infected with the reference virus
VHLAD12GFP, which showed a mean polyfunctional CD8+ T cell proportion of 10%. Re-
markably, the functionality of T cells stimulated with VHLA119GFP infected monocytes
was significantly enhanced with T cells of the VHLA119GFP group showing 1.4 times

higher functionality than T cells in the reference group.

[0094] In conclusion, the immunogenicity of the Del-site recombinant
VHLA119GFP encoding for HLA-A*02 restricted EBV, Influenza A and HCMV epitopes
was analyzed in vitro by its capacity to induce the expansion of functional CD8+ memory
T cells after 12 days. Taken together the results presented above, frequencies of antigen-
specific CD8+ T cells could be raised by the stimulation of T cells with monocytes previ-
ously infected with the Del-site recombinant VHLA119GFP. Consistently, also the func-
tionality of these T cells in mean showed the highest polyfunctionality measured by the
simultaneous expression of the pro-inflammatory cytokines TNFa and IFNy. Thus, the
deletion of ORF119 might indicate a positive influence on the strength of antigen-specific
cellular immune responses elicited by ORFV 1701-V recombinants.

In vivo immunogenicity of SARS-CoV-2 ORFV recombinants

[00956] The immunogenicity of SARS-CoV-2 ORFV recombinants encoding for
the Spike- (S1) and Nucleoprotein (N) was compared in outbred CD1 mice following two
intramuscularly (i.m.) immunizations. High-titer N- and S1- antigen-specific binding
antibodies were detected in all vaccine groups after the booster immunization (Figure 13).
The recombinant vector with ORF119 deletion elicited significantly higher N-specific
antibody responses compared to the control ORFV (Figure 13A). A similar trend was also

observed for the S1-specific IgG endpoint titers (Figure 13B).

5. Summary

[0096] Taken together, the analyses on the new Del-site recombinant per-
formed demonstrate a high potential for the design of polyvalent, single vectored vaccines
by integrating an ORF119 knockout into the ORFV D1701-V genome. The deletion of
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ORF119 and simultaneous integration of the reporter construct GFP into the respective
Del-site resulted not only in efficient replication of stable vectors expressing the desired
transgenes, but also attributed remarkable immunogenicity properties to the newly gener-
ated recombinants. Accordingly, ORF119 has been reported to interact with the
retinoblastoma protein pRB and thus to inhibit the TNFa-induced IKK activation and NF-
kB signaling (Nagendraprabhu, P., et al., /.c.), while a more recent report proclaims its in-
volvement in cell proliferation and apoptosis in order to facilitate the release of viral parti-
cles (Li, W., et al., I.c.). This study revealed elevated CD4+ and CD8+ T cell, as well as
NK cell activation levels and the induction of enhanced antigen-specific CD8+ T cell re-
sponses and poly-functionality in vitro. Interestingly, proportions of viable cells in groups
infected with the ORF119 knockout mutant were raised compared to other groups sup-
porting the involvement of ORF119 in the induction of apoptosis (Li, W., et al., /.c.). Firstin
vivo investigations on the immunogenicity of this promising mutant revealed furthermore,
that the deletion of ORF119 leads to enhanced antibody titers against encoded antigens N
and S1 in outbred CD1 mice. Thus, the findings of the present study may pave the way for
the generation of ORFV D1701-V vectored vaccines with favorable properties, in which re-
combinants harboring ORF 119 deletions simultaneously expressing several antigens and
immunomodulatory elements lead to the induction of strong, long-lasting and efficient cel-

lular as well as humoral immune responses.

6. Sequences

SEQID NO: 1: Nucleotide sequence of eP1 promoter

SEQID NO: 2: Nucleotide sequence of eP2 promoter

SEQID NO: 3: Nucleotide sequence of "optimized early" promoter
SEQ ID NO: 4: Nucleotide sequence of 7.5 kDa promoter

SEQID NO: 5: Nucleotide sequence of VEGF promoter



WO 2022/136033

SEQ ID NO: 6:

SEQ ID NO: 7:

SEQ ID NO: 8:

PCT/EP2021/085774

34

Nucleotide sequence of D1701-V ORF118 — 119 - 120 (nt 1 — 2380)
ORF118: nt 1 — 306

ORF119: nt 716 — 1324

ORF120: nt 1778 — 2377

Nucleotide sequence pDel 119-2-AcGFP (nt 1 — 1962)
HL (homolog left arm) ORF118: nt 1 — 480

Early promoter eP2: nt 664 - 700

AcGFP: nt 732 — 1447

HR (homolog right arm) ORF120: nt 1520 — 1962

Nucleotide sequence pDel 119 (nt 1 — 1037)
HL (homolog left arm) ORF111: nt 1 — 480
HR (homolog right arm) ORF113: nt 595 — 1037.
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Claims

1. A modified Parapoxvirus comprising at least one functional mutation in the viral
open reading frame (ORF) encoding an 'NF-kB inhibitor', wherein said virus com-
prises increased immunogenicity in comparison with the same vector without said
functional mutation.

2. The modified Parapoxvirus of claim 1, wherein said functional mutation results in a

reduction of the activity of NF-kB inhibitor over non-mutated NF-«B inhibitor.

3. The modified Parapoxvirus of claim 1 or 2, which is a Parapoxvirus vector.

4, The modified Parapoxvirus or Parapoxvirus vector of any of the preceding claims,
wherein the Parapoxvirus is a Parapoxvirus ovis (Orf virus, ORFV) or the Para-

poxvirus vector is an ORFV vector.

5. The modified Parapoxvirus or Parapoxvirus vector of claim 4, wherein said ORFV
is of the strain D1701, preferably of the strain D1701-V.

6. The modified Parapoxvirus or Parapoxvirus vector of any of the preceding claims,
wherein said NF-kB inhibitor is encoded by viral open reading frame 119
(ORF119), preferably said ORF is located at the nucleotide positions nt 14.344 +
100 to nt 14.952 + 100.

7. The modified Parapoxvirus or Parapoxvirus vector of any of the preceding claims,
further comprising:

@) at least one nucleotide sequence encoding a transgene, and

(2) at least one promoter controlling the expression of the transgene-encoding
nucleotide sequence.
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The modified Parapoxvirus or Parapoxvirus of claim 6, wherein said transgene-en-
coding nucleotide sequence is inserted into said NF-kB inhibitor-encoding viral
ORF, or/and wherein said NF-kB inhibitor-encoding viral ORF is replaced by said

transgene-encoding nucleotide sequence.

The Parapoxvirus vector of any of claims 6-8, comprising more than one trans-
gene-encoding nucleotide sequence, preferably the number of transgene-encoding

nucleotide sequences is selected from the group consisting of: 2, 3, 4 or more.

The modified Parapoxvirus or Parapoxvirus vector of any of claims 6-9, wherein

the promoter is an early ORFV promoter.

The modified Parapoxvirus or Parapoxvirus vector of claim 10, wherein the early
ORFV promoter comprises a nucleotide sequence which is selected from the
group consisting of: SEQ ID NO: 1 (eP1), SEQ ID NO: 2 (eP2), SEQ ID NO: 3
("optimized early"), SEQ ID NO: 4 (7.5 kDa promoter), and SEQ ID NO: 5 (VEGF).

The modified Parapoxvirus or Parapoxvirus vector of any of the preceding claims,
wherein the transgene is selected from the group of the following antigens:
- viral antigen, preferably

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
antigen, including spike (S), envelope (E), and nucleocapsid (N)

proteins;
rabies virus antigen, including glycoprotein (RabG);

influenza A antigen, including nucleoprotein (NP), hemagglutinin
(HA), neuraminidase (NA);

- tumor antigen, preferably viral tumor antigen, including HPV selective viral

tumor antigen;

- tumor associated antigen, including viral tumor associated antigen, includ-

ing HPV selective viral tumor-associated antigen;
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- parasitic antigen, preferably plasmodium antigen;
- cytokine;

- protein originated or derived from a mammal, preferably from a mammal re-

cipient.

A biological cell containing the modified Parapoxvirus or Parapoxvirus vector of
any of the preceding claims, preferably a mammalian cell, further preferably a Vero

cell, a HEK 293 cell or an antigen-presenting cell.

A pharmaceutical composition, preferably a vaccine, containing the modified
Parapoxvirus or Parapoxvirus vector of any of claims 1-12 or/and the cell of claim

13, and a pharmaceutically acceptable carrier.

Use of a modified Parapoxvirus or Parapoxvirus vector comprising at least one
functional mutation in the viral open reading frame (ORF) encoding the 'NF-kB in-
hibitor' for the induction of an immune response in a living being, preferably a

mammal or a human being.



