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TITLE

Methods and Compositions for Heterologous repRNA Immunizations

REFERENCE TO SEQUENCE LISTING SUBMITTED ELECTRONICALLY
[0001] This application contains a sequence listing, which is submitted electronically via EFS-
Web as an ASCII formatted sequence listing with a file name “sequence listing”, creation date of
July 26, 2017, and having a size of about 23,045 bytes. The sequence listing submitted concurrently

via EFS-Web is part of the specification and is herein incorporated by reference in its entirety.

FIELD OF THE INVENTION
[0002] This invention relates to methods and compositions for inducing an immune response in
a human subject. In particular, the induced immune response is obtained by administering a
heterologous prime-boost combination of an in vitro transcribed (IVT) self-replicating RNA
(repRNA) and an adenovirus vector. The methods and compositions provide a strong induction of
humoral and cellular immune responses against an immunogen in a human subject, which can be
used to provide an effective treatment and/or protection against a disease, such as a tumor or an

infectious disease in the human subject.

BACKGROUND OF THE INVENTION
[0003] Vaccines can be used to provide immune protection against pathogens, such as viruses,
bacteria, fungi, or protozoans, as well as cancers.
[0004] Infectious diseases are the second leading cause of death worldwide after cardiovascular
disease but are the leading cause of death in infants and children (Lee and Nguyen, 2015, Immune
Network, 15(2):51-7). Vaccination is the most efficient tool for preventing a variety of infectious
diseases. The goal of vaccination is to generate a pathogen-specific immune response providing
long-lasting protection against infection. Despite the significant success of vaccines, development of
safe and strong vaccines is still required due to the emergence of new pathogens, re-emergence of
old pathogens and suboptimal protection conferred by existing vaccines. Recent important emerging
or re-emerging diseases include: severe acute respiratory syndrome (SARS) in 2003, the HIN1
influenza pandemic in 2009, and Ebola virus in 2014. As a result, there is a need for the

development of new and effective vaccines against emerging diseases.
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[0005] Cancer is one of the major killers in the Western world, with lung, breast, prostate, and
colorectal cancers being the most common (Butterfield, 2015, BMJ, 350:h988). Several clinical
approaches to cancer treatment are available, including surgery, chemotherapy, radiotherapy, and
treatment with small molecule signaling pathway inhibitors. Each of these standard approaches has
been shown to modulate antitumor immunity by increasing the expression of tumor antigens within
the tumor or causing the release of antigens from dying tumor cells and by promoting anti-tumor
immunity for therapeutic benefit. Inmunotherapy is a promising field that offers alternative methods
for treatment of cancer. Cancer vaccines are designed to promote tumor-specific immune responses,
particularly cytotoxic CD8+ T cells that are specific to tumor antigens. Clinical efficacy must be
improved in order for cancer vaccines to become a valid alternative or complement to traditional
cancer treatments. Considerable efforts have been undertaken so far to better understand the
fundamental requirements for clinically-effective cancer vaccines. Recent data emphasize that
important requirements, among others, are (1) the use of multi-epitope immunogens, possibly
deriving from different tumor antigens; (2) the selection of effective adjuvants; (3) the association of
cancer vaccines with agents able to counteract the regulatory milieu present in the tumor
microenvironment; and (4) the need to choose the definitive formulation and regimen of a vaccine
after accurate preliminary tests comparing different antigen formulations (Fenoglio et al., 2013,
Hum Vaccin Immunother, (12):2543-7). A new generation of cancer vaccines, provided with both
immunological and clinical efficacy, is needed to address these requirements.

[0006] The potential of nucleic acid-based vaccines has been studied for many years (Vogel and
Sarver N, 1995, Clin Microbiol Rev., 8(3):406-10). Clinical trials are currently being conducted
using DNA-based vaccines or mRNA-based vaccines, including clinical trials of mRNA-based
vaccines against viral targets, such as Rabies virus (see e.g., world wide web at clinicaltrials.gov;
Alberer et al., The Lancet, published online July 2017, world wide web at
dx.doi.org/10.1016/S0140-6736(17)31665-3; DeFrancesco et al., Nature Biotechnology, 35: 193-
197).

[0007] A next generation of mMRNA-based vaccines makes use of self-replicating RNA
(repRNA), which is based on the self-replicating mechanism of positive-sense RNA viruses such as
alphaviruses (see, e.g., Bogers et al., 2015, J Infect Dis., 211(6):947-55). Such repRNAs induce
transient, high-level antigen expression in a broad range of tissues within a host, and are able to act
in both dividing and non-dividing cells.

[0008] Alphaviruses belong to the Togaviridae family, and they have linear, single-stranded,

positive-sense RNA genomes comprising two functional segments, each with their own promoter.
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The first segment, located at the 5° end of the genome, encodes nonstructural proteins that make up
a self-assembling replicase that synthesizes the negative-strand RNA genome, the positive-strand
RNA genome, and sub-genomic RNA. The second segment encodes the structural envelope and
capsid proteins. Self-replicating RNAs (repRNAs), also referred to as alphavirus replicons, are
nucleic acids derived from the full-length virus in which the genes encoding the structural proteins
have been removed such that the replicon is capable of replicating within a cell but is unable to
propagate as a virus. In the case of repRNA-based antigen expression systems, the genes encoding
the antigens can be inserted downstream of the subgenomic promoter, in place of the genes encoding
the structural proteins. RepRNAs can be delivered to a cell as a DNA molecule, from which a
repRNA is launched, packaged in a viral replicon particle (VRP), or as a naked modified or
unmodified RNA molecule.

[0009] The research on repRNA-based vaccines is still in pre-clinical phases, but clinical trials
are expected to begin within a couple of years. Studies have shown that combining repRNA
launched from DNA or packaged in a viral replicon particle (VRP) with adenovirus vectors in
heterologous prime-boost vaccinations stimulates immune responses (see, €.g., W02005046621;
Zhao et al., 2009, Vet Immunol Immunopathol., 131:158-166; and Néslund et al., 2007, J Immunol,
178:6761-6769). In addition, it has been shown that humoral responses induced by a repRNA based
vaccine can be boosted with a protein-based vaccine (Bogers et al., Id.).

[00010] However, heterologous vaccination using an adenovirus vector in combination with a
DNA plasmid from which a repRNA is launched has several challenges. For example, DNA
plasmids are associated with safety issues such as contaminations from bacterial production, risk of
integration of DNA into the host genome and a lack of self-limiting expression of the antigens. On
the other hand, a heterologous vaccination using an adenovirus vector in combination with repRNA
launched from a VRP requires a packaging cell line to produce VRPs, which is a costly and time-
consuming process with complex manufacturing challenges. Use of a protein-based vaccine in
combination with a repRNA has the limitation that protein-based vaccines require costly and time-
consuming cell-based production of the protein with the risk of contamination. In addition, most
protein-based vaccines suffer from stability issues and require a cold-chain, and, in general, protein-
based vaccines are limited to stimulation of humoral immune responses.

[00011] Accordingly, there is a need in the art for improved vaccines based on repRNA
technology that can be used to induce protective humoral and cellular immunity against

immunogens, especially when a fast response is required in case of a pandemic outbreak. Such
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vaccines would be cost-effective to produce and would have minimal adverse effects. They would
further preferably be effective against a wide diversity of antigens.
BRIEF SUMMARY OF THE INVENTION
[00012] The invention satisfies this need by providing heterologous prime-boost immunization
regimens using two different vaccine platforms, (i) in vitro transcribed (IVT) self-replicating mRNA
(repRNA), and (ii) an adenovirus vector-based vaccine.
[00013] It has been found that problems associated with the use of DNA-based vaccines, VRP-
packaged vaccines, and protein-based vaccines, some of which are discussed above, can be
circumvented by the use of in vitro production of repRNA, which is a DNA-free product that can be
produced by a fast, generic and cell-free production process (Kallen and Thess, 2014, Ther Adv
Vaccines, 2(1) 10-31). The inventors unexpectedly found that combining IVT repRNA with an
adenovirus vector in a heterologous prime-boost immunization regimen results in induced humoral
and cellular immune responses that are stronger than those resulting from single or homologous
prime-boost immunizations with adenovirus vector or IVT repRNA. The invention can therefore be
used to generate highly potent vaccines against a broad range of targets.
[00014] In one general aspect, the invention relates to a method of inducing an immune response
in a human subject by administering a heterologous prime-boost immunization comprising a
combination of an IVT repRNA and an adenovirus vector.
[00015] In certain embodiments of the invention, heterologous prime-boost combinations of an
IVT repRNA and an adenovirus vector generate an induced immune response to an antigenic protein
or an immunogenic polypeptide thereof in a human subject. The antigenic protein or immunogenic
polypeptide thereof can be any antigenic protein or immunogenic polypeptide thereof. For example,
the antigenic protein or immunogenic polypeptide thereof can be derived from a pathogen, e.g., a
virus, a bacterium, a fungus, a protozoan, or a cancer, €.g., a tumor.
[00016] Accordingly, one general aspect of the invention relates to a method of inducing an
immune response in a human subject in need thereof, the method comprising:
a. administering to the human subject a first composition comprising an immunologically

effective amount of an in vitro transcribed (IVT) self-replicating RNA (repRNA) comprising

a first polynucleotide encoding a first antigenic protein or an immunogenic polypeptide

thereof, together with a pharmaceutically acceptable carrier, and

b. administering to the subject a second composition comprising an immunologically effective

amount of an adenovirus vector comprising a second polynucleotide encoding a second
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antigenic protein or an immunogenic polypeptide thereof, together with a pharmaceutically
acceptable carrier,
wherein one of the compositions is a priming composition and the other composition is a
boosting composition,
to thereby obtain an induced immune response in the human subject, wherein the first and second
antigenic proteins share at least one antigenic determinant.
[00017] Another general aspect of the invention relates to a combination for inducing an immune
response in a human subject, comprising:

a. afirst composition comprising an immunologically effective amount of an IVT repRNA
comprising a first polynucleotide encoding a first antigenic protein or an immunogenic
polypeptide thereof, together with a pharmaceutically acceptable carrier, and

b. asecond composition comprising an immunologically effective amount of an adenovirus
vector comprising a second polynucleotide encoding a second antigenic protein or an
immunogenic polypeptide thereof, together with a pharmaceutically acceptable carrier,
wherein one of the compositions is administered to the human subject for priming the
immune response and the other composition is administered to the human subject for
boosting the immune response,
wherein the first and second antigenic proteins share at least one antigenic determinant.

[00018] Another general aspect of the invention relates to use of a combination according to an
embodiment of the invention for inducing an immune response in a human subject.

[00019] In preferred embodiments of the invention, the composition comprising the IVT repRNA
is a priming composition and the composition comprising the adenovirus vector is a boosting
composition.

[00020] In preferred embodiments of the invention, the induced immune response comprises an
induced humoral, or antibody, immune response against the at least one antigenic determinant
shared by the first and second antigenic proteins in the human subject. Such a response can, e.g., be
characterized by the presence of a high proportion of responders, such as more than 50%, 60%,
70%, 80%, 90%, or 100% of subjects tested as determined by an enzyme-linked immunosorbent
(ELISA) assay.

[00021] In preferred embodiments of the invention, the induced immune response comprises an
induced cellular immune response against the at least one antigenic determinant shared by the first

and second antigenic proteins in the human subject.
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[00022] In one embodiment of the invention, the enhanced immune response generated by the
method comprises an enhanced CD8+ T cell response against the at least one antigenic determinant
shared by the first and second antigenic proteins in the human subject. Such a response can, e.g., be
characterized by the presence of a high proportion of CD8+ responders, such as more than 50%,
60%, 70%, 80%, 90%, or 100% of subjects tested as determined by an enzyme-linked immunospot
(ELISPOT) or an intracellular cytokine staining (ICS) assay. In another embodiment of the
invention, the enhanced CD8+ T cell response generated by the method comprises an increase or
induction of polyfunctional CD8+ T cells specific to the at least one antigenic determinant shared by
the first and second antigenic proteins. Such polyfunctional CD8+ T cells express more than one
cytokine, such as two or more of IFN-gamma, IL-2 and TNF-alpha.

[00023] In one embodiment of the invention, the enhanced immune response generated by the
method comprises an enhanced CD4+ T cell response against the at least one antigenic determinant
shared by the first and second antigenic proteins in the human subject. Such a response can, e.g., be
characterized by the presence of a high proportion of CD4+ responders, such as more than 50%,
60%, 70%, 80%, 90%, or 100% of subjects tested as determined by an ELISPOT or an ICS assay. In
another embodiment of the invention, the enhanced CD4+ T cell response generated by the method
comprises an increase or induction of polyfunctional CD4+ T cells specific to the at least one
antigenic determinant shared by the first and second antigenic proteins. Such polyfunctional CD4+ T
cells express more than one cytokine, such as two or more of IFN-gamma, IL-2 and TNF-alpha.
[00024] In preferred embodiments of the invention, the induced immune response comprises an
induced antibody response, an induced CD4+ T cell response, and an induced CD8+ T cell response,
against the at least one antigenic determinant shared by the first and second antigenic proteins in the
human subject.

[00025] In preferred embodiments, the IVT repRNA is a Venezuelan equine encephalitis (VEE)
virus-based repRNA. In preferred embodiments, the IVT repRNA backbone is one of those
described by Frolov et al. (1999, J Virol., 73(5):3854-65). In preferred embodiments, the IVT
repRNA backbone is the backbone sequence of SEQ ID NO: 3 without the RSV pre-F protein insert.
[00026] In preferred embodiments, the adenovirus vector is a recombinant human adenovirus
serotype 26 (Ad26) vector or a recombinant human adenovirus serotype 35 (Ad35) vector.

[00027] In embodiments of the invention, the boosting composition is administered 1-52 weeks
after the priming composition is administered. In one embodiment of the invention, the boosting
composition is administered 2-52 weeks after the priming composition is administered. In another

embodiment of the invention, the boosting composition is administered 4-52 weeks after the priming
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composition is administered. In one embodiment of the invention, the boosting composition is
administered 1 week after the priming composition is administered. In another embodiment of the
invention, the boosting composition is administered 2 weeks after the priming composition is
administered. In another embodiment of the invention, the boosting composition is administered 4
weeks after the priming composition is administered. In another embodiment of the invention, the
boosting composition is administered 8 weeks after the priming composition is administered. In
further embodiments of the invention, the boosting composition is administered 6, 10, 12, 14, 16, 20,
24, or more weeks after the priming composition is administered.

[00028] In an embodiment of the invention, the first or second antigenic protein or immunogenic
polypeptide thereof is derived from a pathogen, such as a virus, a bacterium, a fungus, or a
protozoan. In preferred embodiments, the first or second antigenic protein or immunogenic
polypeptide thereof is derived from a virus. In another embodiment of the invention, the antigenic
protein is derived from a cancer. In preferred embodiments, the first or second antigenic protein or
immunogenic polypeptide thereof is derived from a tumor.

[00029] In an embodiment of the invention, the first polynucleotide and the second polynucleotide
encode for the same antigenic protein or immunogenic polypeptide thereof. In another embodiment
of the invention, the first polynucleotide and the second polynucleotide encode for different
immunogenic polypeptides or epitopes of the same antigenic protein. In yet another embodiment of
the invention, the first polynucleotide and the second polynucleotide encode for different, but related,
antigenic proteins or immunogenic polypeptide thereof. For example, the related antigenic proteins
can be substantially similar proteins derived from the same antigenic protein, or different antigenic
proteins derived from the same pathogen or tumor.

[00030] In preferred embodiments, the first and second antigenic proteins are identical or
substantially identical.

[00031] In an embodiment of the invention, a method of the invention provides a protective
immunity to the human subject against a disease associated with the antigenic protein, such as a
tumor or an infectious disease. In one preferred embodiment, the prime-boost combination of IVT
repRNA and adenovirus vector induces a protective immune response against a tumor in a human
subject. In another preferred embodiment, the prime-boost combination of IVT repRNA and
adenovirus vector induces an immune response against a pathogen in a human subject.

[00032] In preferred embodiments, the first or second antigenic protein is derived from a pre-
fusion F protein from respiratory syncytial virus (RSV-preF), and the first and second antigenic

proteins are identical or substantially identical.
7
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[00033] In preferred embodiments, the first and second antigenic proteins each independently
comprise an amino acid sequence selected from the group consisting of SEQ ID NO: 1, SEQ ID
NO: 2, immunogenic polypeptides thereof, and combinations thereof.

[00034] In preferred embodiments, the IVT repRNA comprises a nucleic acid encoding an
antigenic protein derived from an RSV-preF protein. Preferably, the IVT repRNA comprises a
nucleic acid encoding an antigenic protein having the amino acid sequence of SEQ ID NO: 1, SEQ
ID NO: 2, or an immunogenic polypeptide or antigenic determinant thereof. Most preferably, the IVT
repRNA comprises the nucleic acid sequence of SEQ ID NO: 3.

BRIEF DESCRIPTION OF THE DRAWINGS
[00035] The foregoing summary, as well as the following detailed description of the invention,
will be better understood when read in conjunction with the appended drawings. It should be
understood that the invention is not limited to the precise embodiments shown in the drawings.
[00036] In the drawings:
[00037] Figure 1 shows a schematic representation of a VEE virus-based repRNA encoding an
RSV-preF protein,
[00038] Figure 2 shows an experimental design of a homologous IVT repRNA immunization
study in which analysis was carried out by ELISA;
[00039] Figure 3 shows the RSV-preF protein specific humoral immune responses from a
homologous IVT repRNA immunization study, as assessed by ELISA;
[00040] Figure 4 shows an experimental design of a homologous IVT repRNA immunization
study in which analysis was carried out by ELISPOT;
[00041] Figure 5 shows the RSV-preF protein specific T-cell responses from a homologous IVT
repRNA immunization study, as assessed by an IFN-y ELISPOT assay using PBMCs and the CTL-
activating peptide KYKNAVTEL from RSV-F;
[00042] Figure 6 shows an experimental design of a heterologous IVT repRNA and adenovirus
vector immunization study in which analysis was carried out by ELISA and ELISPOT;
[00043] Figure 7 shows the RSV-preF protein specific humoral immune responses from a
heterologous IVT repRNA and adenovirus vector immunization study, as assessed by ELISA; and
[00044] Figure 8 shows the RSV-preF protein specific T-cell responses from a heterologous IVT
repRNA and adenovirus vector immunization study, as assessed by an IFN-y ELISPOT assay using

splenocytes.
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DETAILED DESCRIPTION OF THE INVENTION
[00045] Various publications, articles and patents are cited or described in the background and
throughout the specification; each of these references is herein incorporated by reference in its
entirety. Discussion of documents, acts, materials, devices, articles or the like which has been
included in the present specification is for the purpose of providing context for the invention. Such
discussion is not an admission that any or all of these matters form part of the prior art with respect to
any inventions disclosed or claimed.
[00046] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood to one of ordinary skill in the art to which this invention pertains.
Otherwise, certain terms used herein have the meanings as set forth in the specification. All patents,
published patent applications and publications cited herein are incorporated by reference as if set
forth fully herein. It must be noted that as used herein and in the appended claims, the singular forms

(13 2%

a,” “an,” and “the” include plural reference unless the context clearly dictates otherwise.

[00047] Unless otherwise indicated, the term “at least” preceding a series of elements is to be
understood to refer to every element in the series. Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many equivalents to the specific embodiments
of the invention described herein. Such equivalents are intended to be encompassed by the invention.
[00048] Throughout this specification and the claims which follow, unless the context requires
otherwise, the word “comprise”, and variations such as “comprises” and “comprising”, will be
understood to imply the inclusion of a stated integer or step or group of integers or steps but not the
exclusion of any other integer or step or group of integer or step. When used herein the term
“comprising” can be substituted with the term “containing” or “including” or sometimes when used
herein with the term “having”. When used herein “consisting of” excludes any element, step, or

ingredient not specified in the claim element. When used herein, “consisting essentially of” does

not exclude materials or steps that do not materially affect the basic and novel characteristics of the

2%
2

claim. In each instance herein any of the terms “comprising”, “consisting essentially of” and
“consisting of”” can be replaced with either of the other two terms.

[00049]  As used herein, the conjunctive term “and/or” between multiple recited elements is
understood as encompassing both individual and combined options. For instance, where two elements
are conjoined by “and/or”, a first option refers to the applicability of the first element without the
second. A second option refers to the applicability of the second element without the first. A third
option refers to the applicability of the first and second elements together. Any one of these options is

understood to fall within the meaning, and therefore satisfy the requirement of the term “and/or” as
9
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used herein. Concurrent applicability of more than one of the options is also understood to fall within
the meaning, and therefore satisfy the requirement of the term “and/or.”

[00050]  As used herein, “subject” means any animal, preferably a mammal, most preferably a
human, to whom will be or has been treated by a method according to an embodiment of the
invention. The term “mammal” as used herein, encompasses any mammal. Examples of mammals
include, but are not limited to, cows, horses, sheep, pigs, cats, dogs, mice, rats, rabbits, guinea pigs,
monkeys, humans, etc., more preferably a human.

[00051] Protective immunity relies on both the innate and adaptive immune response. As used
herein, the term “immune response” refers to the development in a subject of a humoral and/or
cellular immunological response to an antigen that has been administered to the subject by the
methods of the invention. “Humoral” immune responses refer to the production of antibodies by B
cells, and a “cellular” immune response refers to the cytotoxic activity of CD8+ effector T cells and
CD4+ T cells, also known as helper T cells. CD4+ T cells play a key role in both the humoral and
the cellular immune response.

[00052]  As used herein, the term “inducing” or “stimulating” and variations thereof refer to any
measurable increase in cellular activity. Induction of an immune response can include, for example,
activation, proliferation, or maturation of a population of immune cells, increasing the production of
a cytokine, and/or another indicator of increased immune function. In certain embodiments,
induction of an immune response can include increasing the proliferation of B cells, producing
antigen-specific antibodies, increasing the proliferation of antigen-specific T cells, improving
dendritic cell antigen presentation and/or an increasing expression of certain cytokines, chemokines
and co-stimulatory markers.

[00053]  As used herein, the term “induced antibody response” or “induced humoral immune
response” refers to an antibody response in a human subject administered with a prime-boost
combination of repRNA and adenovirus vector according to the invention, that is increased by a
factor of at least 1.5, 2, 2.5, or more relative to the corresponding immune response observed from
the human subject administered with a homologous prime-boost immunization of either repRNA or
adenovirus vector alone at comparable dosages, using the same prime-boost regimen.

[00054]  As used herein, the term “induced cellular immune response” refers to a cellular immune
response in a human subject administered with a prime-boost combination of repRNA and
adenovirus vector according to the invention, that is increased by a factor of at least 1.5, 2, 2.5, or

more relative to the corresponding immune response observed from the human subject administered
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with a homologous prime-boost immunization of either repRNA or adenovirus vector alone at
comparable dosages, using the same prime-boost regimen.

[00055]  As used herein, the term “protective immunity” or “protective immune response” means
that the vaccinated subject is able to control an infection or a disease related to an antigenic protein or
immunogenic polypeptide thereof against which the vaccination was done. Usually, the subject
having developed a protective immune response develops only mild to moderate clinical symptoms
or no symptoms at all. Usually, a subject having a protective immune response or protective
immunity against a certain antigenic protein will not die as a result of an infection or disease related
to the antigenic protein.

[00056] As used herein, the term “immunologically effective amount” refers to an amount of an
active ingredient or component that elicits the desired biological or medicinal response in a subject.
An immunologically effective amount can be determined empirically and in a routine manner, in
relation to the stated purpose. For example, in vitro assays can optionally be employed to help
identify optimal dosage ranges. Selection of a particular effective dose can be determined (e.g., via
clinical trials) by those skilled in the art based upon the consideration of several factors, including the
disease to be treated or prevented, the symptoms involved, the patient’s body mass, the patient’s
immune status and other factors known by the skilled artisan. The precise dose to be employed in the
formulation will also depend on the route of administration, and the severity of disease, and should be
decided according to the judgment of the practitioner and each patient’s circumstances. Effective
doses can be extrapolated from dose-response curves derived from in vitro or animal model test
systems.

[00057]  As used herein, the term “in vitro transcribed” refers to a method in which RNA is
enzymatically synthesized in vitro in a cell-free manner, for example by using cell extracts or isolated
enzymes.

[00058]  As used herein, the term “self-replicating RNA,” “self-replicating replicon RNA,” or
“repRNA” or “RNA replicon” refers to an RNA molecule expressing alphavirus nonstructural
protein genes such that it can direct its own replication amplification in a cell, without producing a
progeny virus. For example, a repRNA can comprise 5’ and 3’ alphavirus replication recognition
sequences, coding sequences for alphavirus nonstructural proteins, a heterologous gene encoding an
antigen and the means for expressing the antigen, and a polyadenylation tract. A repRNA of the
invention can contain one or more mutations, such as attenuating mutations or mutations that
improve functionality. A repRNA of the invention can contain modified nucleobases, such as those

described in US2011/0300205, the relevant content of which is incorporated herein by reference. For
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example, the repRNAs of the invention can contain modified nucleosides including, but not limited
to, m1G (1-methylguanosine), m2G (N2-methylguanosine), m7G (7-methylguanosine), Gm (2°-O-
methylguanosine), m22G (N2,N2-dimethylguanosine), m2Gm (N2,2’-O-dimethylguanosine), and
m22Gm (N2,N2,2’-O-trimethylguanosine.

[00059]  As used herein, the term “antigenic protein” refers to a protein that is capable of
stimulating an immune response in a vertebrate. As used herein, the term “immunogenic polypeptide
thereof” or “immunogenic fragment thereof” refers to fragment of an antigenic protein that retains
the capacity of stimulating an immune response. As used herein, the term “antigenic determinant” or
“epitope” refers to the region of an antigenic protein that specifically reacts with an antibody.
[00060] As used herein, the term “carrier” refers to any excipient, diluent, filler, salt, buffer,
stabilizer, solubilizer, oil, lipid, lipid containing vesicle, microsphere, liposomal encapsulation, or
other material well known in the art for use in pharmaceutical formulations. It will be understood
that the characteristics of the carrier, excipient or diluent will depend on the route of administration
for a particular application. As used herein, the term “pharmaceutically acceptable carrier” refers to
a non-toxic material that does not interfere with the effectiveness of a composition according to the
invention or the biological activity of a composition according to the invention. According to
particular embodiments, in view of the present disclosure, any pharmaceutically acceptable carrier
suitable for use in an IVT repRNA-based or an adenovirus vector-based pharmaceutical composition
can be used in the invention. Suitable excipients include but are not limited to sterile water, saline,
dextrose, glycerol, ethanol, or the like and combinations thereof, as well as stabilizers, e.g. Human

Serum Albumin (HSA) or other suitable proteins and reducing sugars.

2
2

[00061]  As used herein, the term “priming composition”, “priming immunization” or “prime
immunization” refers to primary antigen stimulation by using a first composition of the invention.
Specifically, the term “priming” or “potentiating” an immune response, as used herein, refers to a
first immunization using an antigen which induces an immune response to the desired antigen and
recalls a higher level of immune response to the desired antigen upon subsequent re-immunization
with the same antigen. As used herein, the term “boosting composition”, “boosting immunization”
or “boost immunization” refers to an additional immunization administered to, or effective in, a
mammal after the primary immunization. Specifically, the term “boosting” an immune response, as
used herein, refers to the administration of a composition delivering the same antigen as encoded in
the priming immunization.

[00062] As used herein, the term “pathogen” refers to an infectious agent such as a virus, a

bacterium, a fungus, a parasite, or a prion that causes disease in its host.
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[00063] The terms “identical” or percent “identity,” in the context of two or more nucleic acids or
polypeptide sequences, refer to two or more sequences or subsequences that are the same or have a
specified percentage of amino acid residues or nucleotides that are the same, when compared and
aligned for maximum correspondence, as measured using sequence comparison algorithms that are
known and standard for those skilled in the art.

[00064] As used herein, the term “substantially identical” with respect to an antigen polypeptide
sequence refers to an antigen polypeptide having at least 70%, preferably at least 80%, more
preferably at least 90% and most preferably at least 95% sequence identity to the reference
polypeptide sequence. The term “substantially identical” with respect to a nucleic acid sequence
refers to a sequence of nucleotides having at least 70%, preferably at least 80%, more preferably at
least 90% and most preferably at least 95% sequence identity to the reference nucleic acid sequence.
[00065] A further indication that two nucleic acid sequences or polypeptides are substantially
identical is that the polypeptide encoded by the first nucleic acid is immunologically cross-reactive
with the polypeptide encoded by the second nucleic acid. Thus, a polypeptide is typically
substantially identical to a second polypeptide, for example, where the two peptides differ only by
conservative substitutions. Another indication that two nucleic acid sequences are substantially
identical is that the two molecules hybridize to each other under stringent conditions.

[00066] It is discovered in the invention that heterologous prime-boost combinations, in particular,
combinations of IVT repRNA and adenovirus vector, are surprisingly effective in generating
protective immune responses in human subjects

[00067] Antigenic proteins

[00068] Any DNA of interest can be inserted into the repRNA constructs and the adenovirus
vectors described herein to be expressed heterologously from the repRNAs and vectors. Foreign
genes for insertion into the genome of a virus in expressible form can be obtained using
conventional techniques for isolating a desired gene in view of the present disclosure. For
organisms, which contain a DNA genome, the genes encoding an antigen of interest can be isolated
from the genomic DNA; for organisms with RNA genomes, the desired gene can be isolated from
cDNA copies of the genome. The antigenic protein can also be encoded by a recombinant DNA that
is modified based on a naturally occurring sequence, e.g., to optimize the antigenic response, gene
expression, etc.

[00069] In certain embodiments of the invention, repRNA and adenovirus prime-boost

combinations generate an induced immune response to an antigenic protein or an immunogenic
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polypeptide thereof in a human subject. The antigenic protein can be any antigenic protein related to
an infection or disease.

[00070] According to embodiments of the invention, the antigenic protein or immunogenic
polypeptide thereof can be isolated from, or derived from, a pathogen, such as a virus (e.g., filovirus,
adenovirus, arbovirus, astrovirus, coronavirus, coxsackie virus, cytomegalovirus, Dengue virus,
Epstein-Barr virus, hepatitis virus, herpesvirus, human immunodeficiency virus, human papilloma
virus, human T-lymphotropic virus, influenza virus, JC virus, lymphocytic choriomeningitis virus,
measles virus, molluscum contagiosum virus, mumps virus, norovirus, parovirus, poliovirus, rabies
virus, respiratory syncytial virus, rhinovirus, rotavirus, rotavirus, rubella virus, smallpox virus,
varicella zoster virus, West Nile virus, Zika virus, etc.), a bacteria (e.g., Campylobacter jejuni,
Escherichia coli, Helicobacter pylori, Mycobacterium tuberculosis, Neisseria gonorrhoeae, Neisseria
meningitides, Salmonella, Shigella, Staphylococcus aureus, Streptococcus, etc.), a fungus (e.g.,
Coccidioides immitis, Blastomyces dermatitidis, Cryptococcus neoformans, Candida species,
Aspergillus species, etc.), a protozoan (e.g., Plasmodium, Leishmania, Trypanosome,
cryptosporidiums, isospora, Naegleria fowleri, Acanthamoeba, Balamuthia mandrillaris, Toxoplasma
gondii, Pneumocystis carinii, etc.), or a cancer (e.g., bladder cancer, breast cancer, colon and rectal
cancer, endometrial cancer, kidney cancer, leukemia, lung cancer, melanoma, non-Hodgkin
lymphoma, pancreatic cancer, prostate cancer, thyroid cancer, etc.).

[00071] According to embodiments of the invention, the antigenic protein or immunogenic
polypeptide thereof can be isolated from, or derived from, a tumor, such as a cancer.

[00072] In some embodiments, nucleic acids express antigenic domains rather than the entire
antigenic protein. These fragments can be of any length sufficient to be immunogenic or antigenic.
Fragments can be at least four amino acids long, preferably 8-20 amino acids, but can be longer, such
as, e.g., 100, 200, 660, 800, 1000, 1200, 1600, 2000 amino acids long or more, or any length in
between.

[00073] One of skill will recognize that the nucleic acid molecules encoding the antigenic protein
can be modified, e.g., the nucleic acid molecules set forth herein can be mutated, as long as the
modified expressed protein elicits an immune response against a pathogen or disease. Thus, as used
herein, the term “antigenic protein” refers to a protein that comprises at least one antigenic
determinant of a pathogen or a tumor described above. The term antigenic proteins also encompasses
antigenic proteins that are substantially similar.

[00074] IVT repRNAs
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[00075] RepRNAs useful in the invention are derived from alphaviruses, which are single-strand
positive-sense RNA viruses. In one embodiment, a RepRNA that can be used in the invention
contains a 7- methylguanosine cap, a 5’ UTR, an RNA-dependent RNA polymerase (RdRp)
polyprotein P1234 (i.e. nonstructural proteins, nsPs), a subgenomic promoter element, a variable
region of interest from which an antigenic protein is expressed, a 3’ UTR, and a poly(A) tail.
[00076] RepRNAs useful in the invention can be derived from any self-replicating positive strand
RNA virus, for example RepRNAs can be derived from the virus families of Togaviridae or
Arteriviridae, such as Aura virus, Babanki virus, Barmah Forest virus, Bebaru virus, Buggy Creek
virus, Chikungunya virus, Eastern Equine Encephalitis virus, Everglades virus, Fort Morgan virus,
Getah virus, Highlands J virus, Kyzylagach virus, Mayaro virus, Middleburg virus, Mucambo virus,
Ndumu virus, O’nyong-nyong virus, Pixuna virus, Ross River virus, S.A. AR86, Sagiyama virus,
Semliki Forest virus, Sindbis virus, Una virus, Venezuelan Equine Encephalitis virus, Western
Equine Encephalitis virus, Whataroa virus, African pouched rat arterivirus, DeBrazza’s monkey
arterivirus, Equine arteritis virus, Kibale red colobus virus, Kibale red-tailed guenon virus, Lactate
dehydrogenase-elevating virus, Mikumi yellow baboon virus 1, Pebjah virus, Porcine reproductive
and respiratory syndrome virus. In preferred embodiments, repRNAs of the invention are derived
from Venezuelan Equine Encephalitis (VEE) virus. Examples of preferred repRNA backbones of
the invention include those described by Frolov et al., /d. and the backbone sequence of SEQ ID
NO: 3 without the RSV pre-F protein insert.

[00077] The preparation of in vitro transcribed (IVT) RNA is well known in the art, and standard
IVT and purification procedures can be used to prepare IVT repRNAs useful in the invention in view
of the present disclosure.

[00078] Preparation of IVT repRNA is described, for example, in US2011/0300205 and
US2013/0195968, the relevant content of which is incorporated herein by reference. For example,
repRNA molecules can be prepared by IVT of a DNA that encodes the self-replicating RNA
molecule using a suitable DNA-dependent RNA polymerase, such as T7 phage RNA polymerase,
SP6 phage RNA polymerase, T3 phage RNA polymerase, etc. IVT can use a cDNA template created
and propagated in plasmid from bacteria, or created synthetically, such as by gene synthesis and/or
PCR-based methods. Appropriate capping addition reactions can be used as required, and the poly-A
can be encoded within the DNA template or added by a poly-A reaction. Suitable synthetic methods
can be used alone, or in combination with one or more other methods (e.g., recombinant DNA or
RNA technology), to produce an IVT repRNA molecule of the invention. Suitable methods for de

novo synthesis are well-known in the art and can be adapted for particular applications.
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[00079] Typically, an IVT repRNA useful in the invention is produced using a DNA molecule
from which the repRNA can be transcribed. Thus, the invention also provides isolated nucleic acid
molecules that encode repRNAs of the invention. The nucleic acid molecules of the invention can be
in the form of RNA or in the form of DNA obtained by cloning or produced synthetically. The DNA
can be double-stranded or single-stranded.

[00080] IVT repRNAs useful in the invention can be formulated into suitable delivery systems for
administration. In preferred embodiments, IVT repRNAs useful in the invention are formulated into
non-virion particles for administration. Suitable non-virion particles are described, for example, in
US2011/0300205 and US2013/0195968, the relevant content of which is incorporated herein by
reference. For example, useful delivery systems include liposomes, polymer particles, non-toxic and
biodegradable microparticles, electroporation, injection of naked RNA, and cationic submicron oil-
in-water emulsions. In preferred embodiments, IVT repRNAs useful in the invention are formulated
in lipid nanoparticle (LNP) compositions (see, e.g., Semple et al., 2010, Nat Biotechnol. 28(2):172-
176, the relevant content of which is incorporated herein by reference).

[00081]  As used herein, the term “lipid nanoparticle” or “LNP” refers to any lipid composition
that can be used to deliver a therapeutic product, including, but not limited to, liposomes or vesicles,
wherein an aqueous volume is encapsulated by amphipathic lipid bilayers, or wherein the lipids coat
an interior that comprises a therapeutic product, or lipid aggregates or micelles, wherein the lipid-
encapsulated therapeutic product is contained within a relatively disordered lipid mixture.

[00082] In particular embodiments, the LNPs comprise a cationic lipid to encapsulate and/or
enhance the delivery of IVT repRNA into the target cell. The cationic lipid can be any lipid species
that carries a net positive charge at a selected pH, such as physiological pH. The lipid nanoparticles
can be prepared by including multi-component lipid mixtures of varying ratios employing one or
more cationic lipids, non-cationic lipids and PEG- modified lipids. Several cationic lipids have been
described in the literature, many of which are commercially available. For example, suitable cationic
lipids for use in the compositions and methods of the invention include 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP).

[00083] The LNP formulations can include anionic lipids. The anionic lipids can be any lipid
species that carries a net negative charge at a selected pH, such as physiological pH. The anionic
lipids, when combined with cationic lipids, are used to reduce the overall surface charge of LNPs
and to introduce pH-dependent disruption of the LNP bilayer structure, facilitating nucleotide

release. Several anionic lipids have been described in the literature, many of which are commercially
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available. For example, suitable anionic lipids for use in the compositions and methods of the
invention include 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE).

[00084] LNPs can be prepared using methods well known in the art in view of the present
disclosure. For example, the LNPs can be prepared using ethanol injection or dilution, thin film
hydration, freeze-thaw, French press or membrane extrusion, diafiltration, sonication, detergent
dialysis, ether infusion, and reverse phase evaporation. In preferred embodiments, LNPs useful in
the invention are prepared by ethanol dilution.

[00085] Adenoviruses

[00086] An adenovirus according to the invention belongs to the family of the Adenoviridae and
preferably is one that belongs to the genus Mastadenovirus. It can be a human adenovirus, but also an
adenovirus that infects other species, including but not limited to a bovine adenovirus (e.g. bovine
adenovirus 3, BAdV3), a canine adenovirus (e.g. CAdV2), a porcine adenovirus (e.g. PAdV3 or 5),
or a simian adenovirus (which includes a monkey adenovirus and an ape adenovirus, such as a
chimpanzee adenovirus or a gorilla adenovirus). Preferably, the adenovirus is a human adenovirus
(HAdV, or AdHu; in the invention a human adenovirus is meant if referred to Ad without indication
of species, e.g. the brief notation “Ad5” means the same as HAdVS, which is human adenovirus
serotype 35), or a simian adenovirus such as chimpanzee or gorilla adenovirus (ChAd, AdCh, or
SAdV). In the invention, a human adenovirus is meant if referred to as Ad without indication of
species, e.g. the brief notation “Ad26” means the same as HadV26, which is human adenovirus
serotype 26. Also as used herein, the notation “rAd” means recombinant adenovirus, e.g., “rAd26”
refers to recombinant human adenovirus 26.

[00087] Most advanced studies have been performed using human adenoviruses, and human
adenoviruses are preferred according to certain aspects of the invention. In certain preferred
embodiments, the recombinant adenovirus according to the invention is based upon a human
adenovirus. In preferred embodiments, the recombinant adenovirus is based upon a human
adenovirus serotype 5, 11, 26, 34, 35, 48, 49 or 50. According to a particularly preferred embodiment
of the invention, an adenovirus is a human adenovirus of one of the serotypes 26 or 35.

[00088] Advantages of these serotypes are a low seroprevalence and/or low pre-existing
neutralizing antibody titers in the human population, and experience with use in human subjects in
clinical trials.

[00089] Simian adenoviruses generally also have a low seroprevalence and/or low pre-existing
neutralizing antibody titers in the human population, and a significant amount of work has been

reported using chimpanzee adenovirus vectors (e.g. US6083716; WO 2005/071093; WO
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2010/086189; WO 2010085984; Farina et al, 2001, J Virol 75: 11603-13; Cohen et al, 2002, J Gen
Virol 83: 151-55; Kobinger et al, 2006, Virology 346: 394-401; Tatsis et al., 2007, Molecular
Therapy 15: 608-17, see also review by Bangari and Mittal, 2006, Vaccine 24: 849- 62; and review
by Lasaro and Ertl, 2009, Mol Ther 17: 1333-39). Hence, in other preferred embodiments, the
recombinant adenovirus according to the invention is based upon a simian adenovirus, e.g. a
chimpanzee adenovirus. In certain embodiments, the recombinant adenovirus is based upon simian
adenovirus type 1,7, 8, 21, 22, 23, 24, 25, 26, 27.1, 28.1, 29, 30, 31.1, 32, 33, 34, 35.1, 36, 37.2, 39,
40.1,41.1,42.1, 43, 44, 45, 46, 48, 49, 50 or SATP.

[00090] Adenoviral Vectors rAd26 and rAd35

[00091] In a preferred embodiment according to the invention the adenoviral vectors comprise
capsid proteins from two rare serotypes: Ad26 and Ad35. In the typical embodiment, the vector is an
rAd26 or rAd35 virus.

[00092] Thus, the vectors that can be used in the invention comprise an Ad26 or Ad35 capsid
protein (e.g., a fiber, penton or hexon protein). One of skill will recognize that it is not necessary that
an entire Ad26 or Ad35 capsid protein be used in the vectors of the invention. Thus, chimeric capsid
proteins that include at least a part of an Ad26 or Ad35 capsid protein can be used in the vectors of
the invention. The vectors of the invention can also comprise capsid proteins in which the fiber,
penton, and hexon proteins are each derived from a different serotype, so long as at least one capsid
protein is derived from Ad26 or Ad35. In preferred embodiments, the fiber, penton and hexon
proteins are each derived from Ad26 or each from Ad35.

[00093] One of ordinary skill in the art will recognize that elements derived from multiple
serotypes can be combined in a single recombinant adenovirus vector. Thus, a chimeric adenovirus
that combines desirable properties from different serotypes can be produced. Thus, in some
embodiments, a chimeric adenovirus of the invention could combine the absence of pre-existing
immunity of the Ad26 and Ad35 serotypes with characteristics such as temperature stability,
assembly, anchoring, production yield, redirected or improved infection, stability of the DNA in the
target cell, and the like.

[00094] In certain embodiments the recombinant adenovirus vector useful in the invention is
derived mainly or entirely from Ad35 or from Ad26 (i.e., the vector is rAd35 or rAd26). In some
embodiments, the adenovirus is replication deficient, e.g. because it contains a deletion in the E1
region of the genome. For the adenoviruses of the invention, being derived from Ad26 or Ad35, it is
typical to exchange the E4-orf6 coding sequence of the adenovirus with the E4-orf6 of an adenovirus

of human subgroup C such as Ad5. This allows propagation of such adenoviruses in well-known
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complementing cell lines that express the E1 genes of Ad5, such as for example 293 cells, PER.C6
cells, and the like (see, e.g. Havenga et al, 2006, J Gen Virol 87: 2135-43; WO 03/104467). In certain
embodiments, the adenovirus is a human adenovirus of serotype 35, with a deletion in the E1 region
into which the nucleic acid encoding the antigen has been cloned, and with an E4 orf6 region of AdS.
In certain embodiments, the adenovirus is a human adenovirus of serotype 26, with a deletion in the
E1 region into which the nucleic acid encoding the antigen has been cloned, and with an E4 orf6
region of AdS. For the Ad35 adenovirus, it is typical to retain the 3’ end of the E1B 55K open
reading frame in the adenovirus, for instance the 166 bp directly upstream of the pIX open reading
frame or a fragment comprising this such as a 243 bp fragment directly upstream of the pIX start
codon, marked at the 5° end by a Bsu36I restriction site, since this increases the stability of the
adenovirus because the promoter of the pIX gene is partly residing in this area (see, e.g. Havenga et
al, 2006, supra; WO 2004/001032).

[00095] The preparation of recombinant adenoviral vectors is well known in the art.

[00096] Preparation of rAd26 vectors is described, for example, in WO 2007/104792 and in
Abbink et al., (2007) Virol 81(9): 4654-63. Exemplary genome sequences of Ad26 are found in
GenBank Accession EF 153474 and in SEQ ID NO:1 of WO 2007/104792. Preparation of rAd35
vectors is described, for example, in US Patent No. 7,270,811 and in Vogels et al., (2003) J Virol
77(15): 8263-71. An exemplary genome sequence of Ad35 is found in GenBank Accession

AC 000019.

[00097] In an embodiment of the invention, the vectors useful for the invention include those
described in W02012/082918, the disclosure of which is incorporated herein by reference in its
entirety.

[00098] Typically, an adenovirus vector useful in the invention is produced using a nucleic acid
comprising the entire recombinant adenoviral genome (e.g., a plasmid, cosmid, or baculovirus
vector). Thus, the invention also provides isolated nucleic acid molecules that encode adenoviral
vectors of the invention. The nucleic acid molecules of the invention can be obtained by cloning or
produced synthetically. The DNA can be double-stranded or single-stranded.

[00099] The adenovirus vectors useful in the invention are typically replication defective. In these
embodiments, the virus is rendered replication-defective by deletion or inactivation of regions critical
to replication of the virus, such as the E1 region. The regions can be substantially deleted or
inactivated by, for example, inserting the gene of interest (usually linked to a promoter). In some
embodiments, the vectors of the invention can contain deletions in other regions, such as the E2, E3

or B4 regions or insertions of heterologous genes linked to a promoter. For E2- and/or E4-mutated
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adenoviruses, generally E2- and/or E4-complementing cell lines are used to generate recombinant
adenoviruses. Mutations in the E3 region of the adenovirus need not be complemented by the cell
line, since E3 is not required for replication.

[000100] A packaging cell line is typically used to produce sufficient amount of adenovirus vectors
of the invention. A packaging cell is a cell that comprises those genes that have been deleted or
inactivated in a replication-defective vector, thus allowing the virus to replicate in the cell. Suitable
cell lines include, for example, PER.C6, 911, 293, and E1 A549.

[000101] In some embodiments, the adenovirus vector can express genes or portions of genes that
encode antigenic peptides. These foreign, heterologous or exogenous peptides or polypeptides can
include sequences that are immunogenic such as, for example, tumor-specific antigens (TSAs),
bacterial, viral, fungal, and protozoal antigens.

[000102] The heterologous gene encoding an antigenic peptide can be under the control of (i.e.,
operably linked to) an adenovirus-derived promoter (e.g., the Major Late Promoter) or can be under
the control of a heterologous promoter. Examples of suitable heterologous promoters include the
CMYV promoter and the RSV promoter. Preferably, the promoter is located upstream of the
heterologous gene of interest within an expression cassette.

[000103] Immunogenic Compositions

[000104] Immunogenic compositions are compositions comprising an immunologically effective
amount of repRNA or adenovirus vectors for use in the invention. The compositions can be
formulated as vaccines (also referred to as “immunogenic compositions”) according to methods well
known in the art. Such compositions can include adjuvants to enhance immune responses. The
optimal ratios of each component in the formulation can be determined by techniques well known to
those skilled in the art in view of the present disclosure.

[000105] The preparation and use of immunogenic compositions are well known to those of skill in
the art. Liquid pharmaceutical compositions generally include a liquid carrier such as water,
petroleum, animal or vegetable oils, mineral oil or synthetic oil. Physiological saline solution,
dextrose or other saccharide solution or glycols such as ethylene glycol, propylene glycol or
polyethylene glycol can be included.

[000106] The compositions of the invention can comprise repRNA or adenovirus vectors
expressing one or more antigenic proteins or immunogenic polypeptides thereof. These antigenic
peptides or polypeptides can include any sequences that are immunogenic, including but not limited
to, tumor-specific antigens (TSAs), bacterial, viral, fungal, and protozoal antigens. For example, the

antigenic protein or immunogenic polypeptide thereof can be derived from a pathogen, e.g., a virus,
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a bacterium, a fungus, a protozoan, or it can also be derived from a tumor. In one or more preferred
aspects, the compositions of the invention comprise repRNA or adenovirus vectors expressing one
or more antigenic proteins from a virus, such as a respiratory syncytial virus (RSV, influenza virus,
HIV, Ebola virus, HPV, HSV, CMV, RSV, Hepatitis virus, Zika virus, SARS virus, Chikungunys
virus, Dengue virus, or West Nile virus.

[000107] The antigenic proteins can be any protein from any pneumovirus comprising an antigenic
determinant. In a preferred embodiment the antigenic proteins are pre-fusion F protein from
respiratory syncytial virus (RSV-preF).

[000108] In a preferred embodiment, the antigenic proteins encoded by the IVT repRNA or
adenovirus vectors have the amino acid sequences of SEQ ID NO: 1, SEQ ID NO: 2, immunogenic
polypeptides thereof, and combinations thereof.

[000109] The immunogenic compositions useful in the invention can comprise adjuvants.

[000110] Adjuvants suitable for co-administration in accordance with the invention should be ones
that are potentially safe, well tolerated and effective in humans including QS-21, Detox-PC, MPL-
SE, MoGM-CSF, TiterMax-G, CRL- 1005, GERBU, TERamide, PSC97B, Adjumer, PG-026,GSK-I,
GcMAF, B-alethine, MPC-026, Adjuvax, CpG ODN, Betafectin, Alum, and MF59.

[000111] Other adjuvants that can be administered include lectins, growth factors, cytokines and
lymphokines such as alpha-interferon, gamma interferon, platelet derived growth factor (PDGF),
granulocyte-colony stimulating factor (gCSF), granulocyte macrophage colony stimulating factor
(gMCSF), tumor necrosis factor (TNF), epidermal growth factor (EGF), IL-I, IL-2, IL-4, IL-6, IL-8,
IL-I0, and IL-12 or encoding nucleic acids therefore.

[000112] The compositions of the invention can comprise a pharmaceutically acceptable excipient,
carrier, buffer, stabilizer or other materials well known to those skilled in the art. Such materials
should be non-toxic and should not interfere with the efficacy of the active ingredient. The precise
nature of the carrier or other material can depend on the route of administration, e.g., intramuscular,
subcutaneous, oral, intravenous, cutaneous, intramucosal (e.g., gut), intranasal or intraperitoneal
routes.

[000113] Method for Enhancing an Immune Response

[000114] The invention provides an improved method of priming and boosting an immune
response to any antigenic protein or immunogenic polypeptide thereof in a human subject using an
IVT repRNA in combination with an adenoviral vector.

[000115] According to one general aspect of the invention, a method of inducing an immune

response in a human subject in need thereof comprises:
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a. administering to the human subject a first composition comprising an

immunologically effective amount of an in vitro transcribed (IVT) self-replicating

RNA (repRNA) comprising a first polynucleotide encoding a first antigenic protein

or an immunogenic polypeptide thereof, together with a pharmaceutically acceptable

carrier, and

b. administering to the subject a second composition comprising an immunologically

effective amount of an adenovirus vector comprising a second polynucleotide

encoding a second antigenic protein or an immunogenic polypeptide thereof,

together with a pharmaceutically acceptable carrier,
to thereby obtain an induced immune response in the human subject, wherein the first and second
antigenic proteins share at least one antigenic determinant, and one of the compositions is a priming
composition and the other composition is a boosting composition.
[000116] According to embodiments of the invention, the induced immune response comprises an
induced antibody response against an antigenic protein in the human subject.
[000117] Preferably, the enhanced immune response further comprises an enhanced CD4+
response or an enhanced CD8+ T cell response against an antigenic protein in the human subject.
The enhanced CD4+ T cell response generated by a method according to an embodiment of the
invention can be, for example, an increase or induction of a dominant CD4+ T cell response against
the antigenic protein, and/or an increase or induction of polyfunctional CD4+ T cells specific to the
antigenic protein in the human subject. The polyfunctional CD4+ T cells express more than one
cytokine, such as two or more of [FN-gamma, IL-2 and TNF-alpha. The enhanced CD8+ T cell
response generated by a method according to an embodiment of the invention can be, for example,
an increase or induction of polyfunctional CD8+ T cells specific to the antigenic protein in the
human subject.
[000118] More preferably, the enhanced immune response resulting from a method according to an
embodiment of the invention comprises an enhanced CD4+ T cell response, an enhanced antibody
response and an enhanced CD8+ T cell response, against the antigenic protein in the human subject.
[000119] Assays that can be used to detect immune responses are well known in the art. Some of
such assays include, e.g., ELISA (enzyme-linked immunosorbent assay), ELISPOT (enzyme-linked
immunospot), and ICS (intracellular cytokine staining). ELISA assays analyze, e.g., levels of
secreted antibodies or cytokines. When ELISA assays are used to determine levels of antibodies that
bind to a particular antigen, an indicator of the humoral immune response, they can also reflect

CD4+ T cell activity, as the production of high-affinity antibodies by B cells depends on the activity
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of CD4+ helper T cells. ELISPOT and ICS are single-cell assays that analyze, e.g., T cell responses
to a particular antigen. ELISPOT assays measure the secretory activity of individual cells, and ICS
assays analyze levels of intracellular cytokine. CD4+ specific and CD8+ specific T cell responses
can be determined using ICS assays.

[000120] In one or more embodiments of the invention, an IVT repRNA is used to prime the
immune response, and an Ad26 or Ad35 vector is used to boost the immune response according to
an embodiment of the invention. In other embodiments of the invention, an Ad26 or Ad35 vector is
used to prime the immune response, and an IVT repRNA is used to boost the immune response
according to an embodiment of the invention.

[000121] The antigens in the priming and boosting compositions need not to be identical, but
should share antigenic determinants or be substantially similar to each other.

[000122] Administration of the immunogenic compositions is typically intramuscular,
subcutaneous or intradermal. However, other modes of administration such as intravenous,
cutaneous or intranasal can be used as well. Intramuscular administration of the immunogenic
compositions can be achieved by using a needle to inject a suspension of the composition. An
alternative is the use of a needleless injection device to administer the composition (using, €.g.,
Biojector(TM)) or a freeze-dried powder containing the composition.

[000123] For intravenous, cutaneous or subcutaneous injection, or injection at the site of affliction,
the composition will be in the form of a parenterally acceptable aqueous solution which is pyrogen-
free and has suitable pH, isotonicity and stability. Those of skill in the art are well able to prepare
suitable solutions using, for example, isotonic vehicles such as Sodium Chloride Injection, Ringer’s
Injection, Lactated Ringer’s Injection. IVT repRNAs of the invention can be formulated in lipid
nanoparticles for administration. Preservatives, stabilizers, buffers, antioxidants and/or other
additives can be included in the compositions, as required. A slow-release formulation of the
compositions can also be employed.

[000124] Typically, administration will have a prophylactic aim to generate an immune response
against an antigen before infection or development of symptoms. Diseases and disorders that can be
treated or prevented in accordance with the invention include those in which an immune response
can play a protective or therapeutic role. In other embodiments, the IVT repRNA and adenovirus
vector can be administered for post-exposure prophylactics.

[000125] The immunogenic compositions containing the IVT repRNA and the adenovirus vector
are administered to a subject, giving rise to an immune response in the subject. An amount of a

composition sufficient to in induce a detectable immune response is defined to be an
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“immunologically effective dose.” As shown below, the immunogenic compositions of the invention
induce a humoral as well as a cell-mediated immune response. In a preferred embodiment the
immune response is a protective immune response.

[000126] The actual amount of the compositions administered, and the rate and time-course of
administration, will depend on the nature and severity of the disease, disorder or condition being
treated. Prescription of treatment, e.g., decisions on dosage etc., is within the responsibility of
general practitioners and other medical doctors, and typically takes account of the disease, disorder
or condition to be treated, the condition of the individual patient, the site of delivery, the method of
administration and other factors known to practitioners. Examples of the techniques and protocols
mentioned above can be found in Remington’s Pharmaceutical Sciences, 16th edition, Osol, A. ed.,
1980.

[000127] Following production of IVT repRNA and adenovirus vectors and optional formulation
of such particles into compositions, the composition can be administered to an individual,
particularly a human.

[000128] The therapeutically effective amount or dosage can vary according to various factors,
such as the means of administration, the target site, the physiological state of the subject (including,
e.g., age, body weight, health), whether the subject is a human or an animal, other medications
administered, and whether the treatment is prophylactic or therapeutic. Treatment dosages are
optimally titrated to optimize safety and efficacy.

[000129] In one exemplary regimen, the IVT repRNA is administered (e.g., intramuscularly) in a
volume ranging between about 100ul to about 10ml containing a dose of <200pg, <100ug, <50pg,
or <10ug IVT repRNA, but expression can be seen at much lower levels, e.g. <lug, <100ng, <10ng,
or <Ing IVT repRNA per dose. Preferably, the IVT repRNA is administered in a volume ranging
between 0.25ml and 1.0ml. More preferably the IVT repRNA is administered in a volume of 0.5ml.
[000130] Typically, the IVT repRNA is administered in an amount of about 10-100pg per dose. In
a preferred embodiment, the IVT repRNA is administered in an about of about 10pg per dose. In
another preferred embodiment, the IVT repRNA is administered in an about of about 25ug per dose.
In another preferred embodiment, the IVT repRNA is administered in an about of about 50ug per
dose. In another preferred embodiment, the IVT repRNA is administered in an about of about 75ug
per dose. In another preferred embodiment, the IVT repRNA is administered in an about of about

100ug per dose.
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[000131] In one exemplary regimen, the adenovirus vector is administered (e.g., intramuscularly)
in a volume ranging between about 100ul to about 10ml containing concentrations of about 10* to
102 virus particles/ml. Preferably, the adenovirus vector is administered in a volume ranging
between 0.25ml and 1.0ml. More preferably the adenovirus vector is administered in a volume of
0.5ml.

[000132] Typically, the adenovirus is administered in an amount of about 10° to about 10'* viral
particles (vp) to a human subject during one administration, more typically in an amount of about
10" to about 10"* vp. In a preferred embodiment, the adenovirus vector is administered in an
amount of about 5x10'° vp. In another preferred embodiment, the adenovirus vector is administered
in an amount of about 0.8x10'" vp. In another preferred embodiment, the adenovirus vector is
administered in an amount of about 2x10'® vp. In another preferred embodiment, the adenovirus
vector is administered in an amount of about 4x10" vp.

[000133] The compositions of the invention can be administered alone or in combination with
other treatments, either simultaneously or sequentially dependent upon the condition to be treated.
[000134] Boosting compositions are administered weeks or months after administration of the
priming composition, for example, about 1 week, 2 weeks, 3 weeks, 4 weeks, 5 weeks, 6 weeks, 7
weeks, 8 weeks, 9 weeks, 10 weeks, 11 weeks, 12 weeks, 13 weeks, 14 weeks, 15 weeks, 16 weeks,
17 weeks, 18 weeks, 19 weeks, 20 weeks, 21 weeks, 22 weeks, 23 weeks, 24 weeks, 25 weeks, 26
weeks, 27 weeks, 28 weeks, 29 weeks, 30 weeks, 31 weeks, 32 weeks, 33 weeks, 34 weeks, 35
weeks, 36 weeks, 37 weeks, 38 weeks, 39 weeks, 40 weeks, 41 weeks, 42 weeks, 43 weeks, 44
weeks, 45 weeks, 46 weeks, 47 weeks, 48 weeks, 49 weeks, 50 weeks, 51 weeks, or one to two
years after administration of the priming composition.

[000135] Preferably, the boosting composition is administered 1-52weeks after the priming
composition is administered. In a preferred embodiment of the invention, the boosting composition is
administered 2-52 weeks after the priming composition is administered. In another preferred
embodiment of the invention, the boosting composition is administered 4-52 weeks after the priming
composition is administered. In another preferred embodiment of the invention, the boosting
composition is administered 1 week after the priming composition is administered. In another
preferred embodiment of the invention, the boosting composition is administered 2 weeks after the
priming composition is administered. In another preferred embodiment of the invention, the boosting
composition is administered 4 weeks after the priming composition is administered. In another
preferred embodiment of the invention, the boosting composition is administered 8 weeks after the

priming composition is administered.
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[000136] The priming and boosting compositions of the invention can each comprise one, two,
three or multiple doses.

[000137] In one embodiment, the invention relates to a method of inducing an immune response
against a tumor in a human subject. The method comprises:

a. administering to the human subject a first composition comprising an
immunologically effective amount of an IVT repRNA comprising a first
polynucleotide encoding an antigenic protein produced by a cell of the tumor, a
substantially similar antigenic protein, or an immunogenic polypeptide thereof,
together with a pharmaceutically acceptable carrier, and

b. administering to the subject a second composition comprising an immunologically
effective amount of an adenovirus vector comprising a second polynucleotide
encoding the antigenic protein, the substantially similar antigenic protein, or an
immunogenic polypeptide thereof, together with a pharmaceutically acceptable
carrier,

to thereby obtain an induced immune response against the tumor in the human subject, wherein the
first and second antigenic proteins share at least one antigenic determinant, and one of the
compositions is a priming composition and the other composition is a boosting composition.
[000138] Preferably, the induced immune response provides the human subject with a
protective immunity against the tumor.

[000139] In a preferred embodiment, the composition comprising the IVT repRNA is the
priming composition and the composition comprising the adenovirus vector is the boosting
composition.

[000140] According to embodiments of the invention, the boosting composition is administered 1-
52 weeks after the priming composition is administered. The boosting composition can also be
administered later than 52 weeks after the priming composition is administered.

[000141] In one embodiment of the invention, the boosting composition is administered 2-52 weeks
after the priming composition is administered. In another embodiment of the invention, the boosting
composition is administered 4-52 weeks after the priming composition is administered. In another
embodiment of the invention, the boosting composition is administered 1 week after the priming
composition is administered. In another embodiment of the invention, the boosting composition is
administered 2 weeks after the priming composition is administered. In another embodiment of the

invention, the boosting composition is administered 4 weeks after the priming composition is
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administered. In another embodiment of the invention, the boosting composition is administered 8
weeks after the priming composition is administered.

[000142] In additional embodiments, the boosting composition is administered at least 2 weeks or
at least 4 weeks after the priming composition is administered. In still other embodiments, the
boosting composition is administered 4-12 weeks or 4-8 weeks after the priming composition is
administered.

[000143] In a preferred embodiment, the IVT repRNA is a VEE virus-based repRNA.

[000144] In a preferred embodiment, the adenovirus vector is an Ad26 or an Ad35 vector.
[000145] The antigenic protein produced by a cell of the tumor can be any tumor antigen. In a
preferred embodiment, the tumor antigen is a tumor-specific antigen that is present only on tumor
cells. The tumor antigen can also be a tumor-associated antigen that is present on some tumor cells
and also some normal cells.

[000146] According to another embodiment, the invention relates to a method of inducing an
immune response against a virus in a human subject. The method comprises:

a. administering to the human subject a first composition comprising an
immunologically effective amount of an IVT repRNA comprising a first
polynucleotide encoding an antigenic protein of the virus, a substantially similar
antigenic protein, or an immunogenic polypeptide thereof, together with a
pharmaceutically acceptable carrier, and

b. administering to the subject a second composition comprising an immunologically
effective amount of an adenovirus vector comprising a second polynucleotide
encoding the antigenic protein, the substantially similar antigenic protein, or an
immunogenic polypeptide thereof, together with a pharmaceutically acceptable
carrier,

to thereby obtain an induced immune response against the virus in the human subject, wherein
the first and second antigenic proteins share at least one antigenic determinant, and one of the
compositions is a priming composition and the other composition is a boosting composition.
[000147] Preferably, the enhanced immune response provides the human subject a protective
immunity against the virus.

[000148] In a preferred embodiment, the composition comprising the IVT repRNA is the
priming composition and the composition comprising the adenovirus vector is the boosting

composition.

27



10

15

20

25

30

CA 03071011 2020-01-22

WO 2019/023566 PCT/US2018/044075

[000149] In one embodiment, the boosting composition is administered 1-52 weeks after the
priming composition is administered. The boosting composition can also be administered later than
52 weeks after the priming composition is administered.

[000150] In another embodiment of the invention, the boosting composition is administered 2-52
weeks after the priming composition is administered. In another embodiment of the invention, the
boosting composition is administered 4-52 weeks after the priming composition is administered. In
another embodiment of the invention, the boosting composition is administered 1 week after the
priming composition is administered. In another embodiment of the invention, the boosting
composition is administered 2 weeks after the priming composition is administered. In another
embodiment of the invention, the boosting composition is administered 4 weeks after the priming
composition is administered. In another embodiment of the invention, the boosting composition is
administered 8 weeks after the priming composition is administered.

[000151] In additional embodiments, the boosting composition is administered at least 2 weeks or
at least 4 weeks after the priming composition is administered. In still other embodiments, the
boosting composition is administered 4-12 weeks or 4-8 weeks after the priming composition is
administered.

[000152] In a preferred embodiment, the IVT repRNA is a VEE virus-based repRNA.

[000153] In a preferred embodiment, the adenovirus vector is an Ad26 or an Ad35 vector.
[000154] The antigenic protein can be any antigenic protein of a virus. In a preferred embodiment,

the antigenic protein is a glycoprotein or a nucleoprotein of a virus.

EMBODIMENTS
[000155] The invention provides also the following non-limiting embodiments.
[000156] Embodiment 1 is a method of inducing an immune response in a human subject in need
thereof, the method comprising:
a. administering to the human subject a first composition comprising an immunologically
effective amount of an in vitro transcribed (IVT) self-replicating RNA (repRNA) comprising
a first polynucleotide encoding a first antigenic protein or an immunogenic polypeptide
thereof, together with a pharmaceutically acceptable carrier, and
b. administering to the subject a second composition comprising an immunologically effective
amount of an adenovirus vector comprising a second polynucleotide encoding a second
antigenic protein or an immunogenic polypeptide thereof, together with a pharmaceutically

acceptable carrier,
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to thereby obtain an induced immune response in the human subject, wherein the first and second
antigenic proteins share at least one antigenic determinant, and one of the compositions is a priming
composition and the other composition is a boosting composition.

[000157] Embodiment 2 is the method according to Embodiment 1, wherein the composition
comprising the IVT repRNA is the priming composition and the composition comprising the
adenovirus vector is the boosting composition.

[000158] Embodiment 3 is the method according to Embodiment 1, wherein the composition
comprising the adenovirus vector is the priming composition and the composition comprising the
IVT repRNA is the boosting composition.

[000159] Embodiment 4 is the method according to any one of Embodiments 1 to 3, wherein the
induced immune response comprises an induced antibody immune response against the at least one
antigenic determinant shared by the first and second antigenic proteins in the human subject.
[000160] Embodiment 5 is the method according to Embodiment 4, wherein the induced antibody
immune response is determined by an ELISA.

[000161] Embodiment 6 is the method according to any one of Embodiments 1 to 3, wherein the
induced immune response comprises an induced cellular immune response against the at least one
antigenic determinant shared by the first and second antigenic proteins in the human subject.
[000162] Embodiment 7 is the method according to Embodiment 6, wherein the induced cellular
immune response is determined by an ICS or an ELISPOT assay.

[000163] Embodiment 8 is the method according to any one of Embodiments 1 to 7, wherein the
induced immune response provides a protective immunity to the human subject against a disease
related to at least one of the first and second antigenic proteins.

[000164] Embodiment 9 is the method according to any one of Embodiments 1 to 8, wherein the
IVT repRNA is a Venezuelan equine encephalitis (VEE) virus-based repRNA.

[000165] Embodiment 10 is the method according to any one of Embodiments 1 to 9, wherein the
adenovirus vector is a recombinant human adenovirus serotype 26 (Ad26) vector or a recombinant
human adenovirus serotype 35 (Ad35) vector.

[000166] Embodiment 11 is the method according to any one of Embodiments 1 to 10, wherein the
boosting composition is administered 1-52 weeks after the priming composition is administered.
[000167] Embodiment 12 is the method according to any one of Embodiments 1 to 11, wherein the
boosting composition is administered at least 1 week after the priming composition is administered.
[000168] Embodiment 13 is the method according to any one of Embodiments 1 to 12, wherein the

first or second antigenic protein is derived from a pathogen or a tumor.
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[000169] Embodiment 14 is the method according to any one of Embodiments 1 to 12, wherein the
first or second antigenic protein is derived from a virus.

[000170] Embodiment 15 is the method according to Embodiment 14, wherein the first or second
antigenic protein is derived from a pneumovirus virus, filovirus, HIV, Dengue virus, Zika virus,
Influenza virus or hepatitis B virus.

[000171] Embodiment 16 is the method according to any one of Embodiments 1 to 15, wherein the
first and second antigenic proteins are identical or substantially identical.

[000172] Embodiment 17 is the method according to any one of Embodiments 1 to 16, wherein the
first or second antigenic protein is derived from a pre-fusion F protein from respiratory syncytial
virus (RSV-preF), and wherein the first and second antigenic proteins are identical or substantially
identical.

[000173] Embodiment 18 is the method according to Embodiment 17, wherein the first and second
antigenic proteins each independently comprise an amino acid sequence selected from the group
consisting of SEQ ID NO: 1, SEQ ID NO: 2, immunogenic polypeptides thereof, and combinations
thereof.

[000174] Embodiment 19 is the method according to Embodiment 18, wherein the IVT repRNA
comprises a polynucleotide encoding at least one antigenic protein having an amino acid sequence
selected from the group consisting of SEQ ID NO: 1, SEQ ID NO: 2, and immunogenic
polypeptides thereof.

[000175] Embodiment 20 is the method according to Embodiment 21, wherein the IVT repRNA
comprises a polynucleotide having the sequence of SEQ ID NO: 3.

[000176] Embodiment 21 is the method according to Embodiment 20, wherein the adenovirus
vector comprises a polynucleotide encoding at least one antigenic protein having an amino acid
sequence selected from the group consisting of SEQ ID NO: 1, SEQ ID NO: 2, and immunogenic
polypeptides thereof.

[000177] Embodiment 22 is the method according to any one of Embodiments 1 to 21, wherein the
IVT repRNA is administered as a lipid nanoparticle composition at an amount of 0.1-1000ug IVT
repRNA per dose.

[000178] Embodiment 23 is the method according to any one of Embodiments 1 to 22, wherein the
adenovirus vector is administered in an amount of 10°-10"? viral particles per dose.

[000179] Embodiment 24 is a method of inducing an immune response against at least one

pneumovirus subtype in a human subject, comprising:
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a. administering to the human subject a first composition comprising an immunologically
effective amount of an IVT repRNA comprising a first polynucleotide encoding a first
antigenic protein of the at least one pneumovirus subtype, or an immunogenic polypeptide
thereof, together with a pharmaceutically acceptable carrier, and

b. administering to the subject a second composition comprising an immunologically effective
amount of an adenovirus vector comprising a second polynucleotide encoding a second
antigenic protein of the at least one pneumovirus subtype, or an immunogenic polypeptide
thereof, together with a pharmaceutically acceptable carrier,

to thereby obtain an induced immune response against the at least one pneumovirus subtype in the
human subject, wherein the first and second antigenic proteins share at least one antigenic
determinant, and one of the compositions is a priming composition and the other composition is a
boosting composition.

[000180] Embodiment 25 is a combination for inducing an immune response in a human subject,
comprising:

a. a first composition comprising an immunologically effective amount of an IVT repRNA
comprising a first polynucleotide encoding a first antigenic protein or an immunogenic
polypeptide thereof, together with a pharmaceutically acceptable carrier, and

b. asecond composition comprising an immunologically effective amount of an adenovirus
vector comprising a second polynucleotide encoding a second antigenic protein or an
immunogenic polypeptide thereof, together with a pharmaceutically acceptable carrier,
wherein one of the compositions is administered to the human subject for priming the
immune response and the other composition is administered to the human subject for
boosting the immune response,

wherein the first and second antigenic proteins share at least one antigenic determinant.
[000181] Embodiment 26 is a use of a combination for the preparation of a medicament for
inducing an immune response in a human subject, comprising:

a. a first composition comprising an immunologically effective amount of an IVT repRNA
comprising a first polynucleotide encoding a first antigenic protein or an immunogenic
polypeptide thereof, together with a pharmaceutically acceptable carrier, and

b. asecond composition comprising an immunologically effective amount of an adenovirus
vector comprising a second polynucleotide encoding a second antigenic protein or an

immunogenic polypeptide thereof, together with a pharmaceutically acceptable carrier,
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wherein one of the compositions is administered to the human subject for priming the
immune response and the other composition is administered to the human subject for
boosting the immune response,
wherein the first and second antigenic proteins share at least one antigenic determinant.
[000182] Embodiment 27 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the composition comprising the IVT repRNA is the priming
composition and the composition comprising the adenovirus vector is the boosting composition.
[000183] Embodiment 28 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the composition comprising the adenovirus vector is the priming
composition and the composition comprising the IVT repRNA is the boosting composition.
[000184] Embodiment 29 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the first or second antigenic protein or immunogenic polypeptide
thereof is derived from a pathogen or a tumor.
[000185] Embodiment 30 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the first or second antigenic protein or immunogenic polypeptide
thereof is derived from a virus.
[000186] Embodiment 31 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the first or second antigenic protein is derived from a RSV-preF
protein, and wherein the first and second antigenic proteins are identical or substantially identical.
[000187] Embodiment 32 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the first and second antigenic proteins each independently comprise an
amino acid sequence selected from the group consisting of SEQ ID NO: 1, SEQ ID NO: 2,
immunogenic polypeptides thereof, and combinations thereof.
[000188] Embodiment 33 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the IVT repRNA comprises a polynucleotide encoding at least one
antigenic protein having an amino acid sequence selected from the group consisting of SEQ ID NO:
1, SEQ ID NO: 2, and immunogenic polypeptides thereof.
[000189] Embodiment 34 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the adenovirus vector comprises a polynucleotide encoding at least one
antigenic protein having an amino acid sequence selected from the group consisting of SEQ ID NO:

1, SEQ ID NO: 2, and immunogenic polypeptides thereof.
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[000190] Embodiment 35 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the IVT repRNA is a Venezuelan equine encephalitis (VEE) virus-
based repRNA.

[000191] Embodiment 36 is the method of Embodiment 24, combination of Embodiment 25 or use
of Embodiment 26, wherein the adenovirus vector is an Ad26 vector or an Ad35 vector.

[000192] Embodiment 37 is a method of inducing an immune response in a human subject in need
thereof, the method comprising:

a. administering to the human subject a first composition comprising an
immunologically effective amount of an in vitro transcribed (IVT) self-
replicating RNA (repRNA) comprising a polynucleotide encoding non-structural
proteins of Venezuelan Equine Encephalitis (VEE) Virus, and another
polynucleotide encoding a first antigenic protein or an immunogenic polypeptide
thereof, together with a pharmaceutically acceptable carrier, and

b. administering to the subject a second composition comprising an
immunologically effective amount of an Ad26 vector or an Ad35 vector
comprising a second polynucleotide encoding a second antigenic protein or an
immunogenic polypeptide thereof, together with a pharmaceutically acceptable
carrier,

to thereby obtain an induced immune response in the human subject, wherein the first and second
antigenic proteins share at least one antigenic determinant, and the first compositions is a priming
composition and the second composition is a boosting composition.

[000193] Embodiment 38 is a combination for inducing an immune response in a human subject,
comprising:

a. a first composition comprising an immunologically effective amount of an in
vitro transcribed (IVT) self-replicating RNA (repRNA) comprising a
polynucleotide encoding non-structural proteins of Venezuelan Equine
Encephalitis (VEE) Virus, and another polynucleotide encoding a first antigenic
protein or an immunogenic polypeptide thereof, together with a pharmaceutically
acceptable carrier, and

b. asecond composition comprising an immunologically effective amount of an
Ad26 vector or an Ad35 vector comprising a second polynucleotide encoding a
second antigenic protein or an immunogenic polypeptide thereof, together with a

pharmaceutically acceptable carrier,
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wherein the first and second antigenic proteins share at least one antigenic determinant, and the first
compositions is a priming composition and the second composition is a boosting composition.
[000194] Embodiment 39 is a use of the combination of embodiment 38 for the preparation of a
medicament for inducing an immune response in a human subject.

[000195] Embodiment 40 is the method of Embodiment 37, combination of Embodiment 38 or use
of Embodiment 39, wherein the first or second antigenic protein or immunogenic polypeptide
thereof is derived from a pathogen or a tumor.

[000196] Embodiment 41 is the method of Embodiment 38, combination of Embodiment 39 or use
of Embodiment 40, wherein the first or second antigenic protein or immunogenic polypeptide
thereof is derived from a virus.

[000197] Embodiment 42 is the method of Embodiment 37, combination of Embodiment 38 or use
of Embodiment 39, wherein the first or second antigenic protein is derived from a RSV-preF
protein, and wherein the first and second antigenic proteins are identical or substantially identical.
[000198] Embodiment 43 is the method of Embodiment 37, combination of Embodiment 38 or use
of Embodiment 39, wherein the first and second antigenic proteins each independently comprise an
amino acid sequence selected from the group consisting of SEQ ID NO: 1, SEQ ID NO: 2,
immunogenic polypeptides thereof, and combinations thereof.

[000199] Embodiment 44 is the method of Embodiment 37, combination of Embodiment 38 or use
of Embodiment 39, wherein the first composition comprises an immunologically effective amount
of an IVT repRNA having the sequence of SEQ ID NO: 3, and the second composition comprises an
immunologically effective amount of an Ad26 vector comprising a polynucleotide encoding an
antigenic protein having the amino acid sequence of SEQ ID NO: 1.

[000200] Embodiment 45 is the method of any one of Embodiments 37-44, combination of any
one of Embodiments 38-44 or use of any one of Embodiments 39-44, wherein the second
composition is administered to the human subject 2 to 12 weeks, preferably 4 to 8 weeks, after the
administration of the first composition.

[000201] Embodiment 46 is the method of any one of Embodiments 38 or 41-45, combination of
any one of Embodiments 39 or 41-45 or use of any one of Embodiments 40-45, wherein the first

composition is formulated as a lipo-nanoparticle formulation.

EXAMPLES
[000202] The following examples are offered to illustrate, but not to limit the claimed invention.

[000203] Example 1
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[000204] An animal study was conducted with the goal of exploring the potential of homologous
prime-boost immunizations with repRNA based vaccines encoding a model antigen. The model
antigen that was used was the pre-fusion F protein from respiratory syncytial virus (RSV-preF). The
study tested a dose-range of homologous vaccinations with an immunization interval of 4 weeks.
[00020S5] Animal Manipulations

[000206] The studies complied with all applicable sections of the Final Rules of the Animal
Welfare Act regulations (9 CFR Parts 1, 2, and 3) and Guide for the Care and Use of Laboratory
Animals — National Academy Press, Washington D.C. Eight Edition (the Guide).

[000207] A total of 30 (6 weeks old) female Balb/c mice were purchased from Jackson
laboratories.

[000208] Vaccine materials

[000209] A schematic representation of the IVT repRNA vaccine vector that was used is depicted
in Figure 1. The IVT repRNA vector consisted of two open reading frames (ORFs), the first
encoding the non-structural proteins (NSPs) of Venezuelan Equine Encephalitis (VEE) Virus, and
the second encoding RSV-preF protein. The IVT repRNA vector was manufactured using in vitro
transcription (IVT) and purification methods. Briefly, linear template DNA for T7 in vitro
transcription was generated by digesting a replicon-bearing DNA plasmid 5’ of the T7 promoter and
3’ of the poly-A tail. The digested product was cleaned using a Zymo DNA Clean &
Concentrator™-25 kit. IVT repRNA was generated using the Ambion MEGAscript® T7
transcription kit (Thermo) followed by an HPLC cleaning step using a GE CaptoCore 700 HiScreen
column to remove buffer components, free NTPs and proteins. After cleaning, the IVT repRNA was
capped by a post-transcriptional enzymatic capping reaction using a capping kit from Cellscript,
after which the RNA was concentrated in a spin concentrator and buffer exchanged to a final
concentration of 1-5 pg/ul. Formulation of repRNA into lipid nanoparticles (LNPs) was performed
by a dilution process in ethanol. Cholesterol was obtained from Sigma-Aldrich, and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
PEG) were obtained from Avanti Polar Lipids. Lipid components (in ethanol) at 48:40:10:2 molar
percent of Cholesterol:DOTAP:DSPC:DSPE-PEG were mixed with repRNA in 10mM Citrate
buffer using a 8:1 N:P molar ratio (nitrogen on DOTAP to phosphate on RNA). After 1h
emulsification, particles were dialyzed against PBS. Prior in vivo injections, particles were further

diluted to required RNA concentration in PBS.
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[000210] The IVT repRNA expressed VEE viral replicases and an antigenic RSV-preF protein
having the amino acid sequence of SEQ ID NO:2. The template DNA sequence used to generate the
IVT repRNA had the nucleotide sequence of SEQ ID NO:3.

[000211] Vaccination and Experimental Design

Balb/c mice were vaccinated with a homologous prime-boost regimen using repRNA (see Table 1
and Figure 2 for grouping and experimental design). Prior to immunization, each mouse was
anesthetized with 1-4% isoflurane in oxygen using a rodent anesthesia machine, and received
intramuscular (IM) injections of lipid-nanoparticle (LNP)-formulated repRNA (50 pL). Priming and
boosting doses were given 4 weeks apart (Figure 2).

[000212] Whole blood without anticoagulant was processed for serum. Each serum was assayed in
a RSV preF-specific ELISA.

[000213] Table 1: Experimental grouping of animals in homologous repRNA immunization study

to explore humoral responses

Animal Groups | Vaccine Vehicle Immunizations Dose (ug) Animals/
(Balb/c) (weeks) group
1-4 repRNA-RSV- | LNP 0,4 5,1,04,002 |6

preF
5 None LNP 0,4 0 6

[000214] Anti-RSV-F IgG ELISA

[000215] RSV-F-specific humoral responses were determined at 28 and 42 days after
immunization by a modified enzyme-linked immunosorbent assay (ELISA), as previously described
in Krarup et al. (A highly stable prefusion RSV F vaccine derived from structural analysis of the
fusion mechanism. Nat. Commun. 6:8143).

[000216] Briefly, MaxiSorp polystyrene 96-well plates (NUNC) were coated with human anti-
RSV F monoclonal antibody (Synagis) overnight at 4°C at a concentration of 1 pg/ml in PBS. The
next day, plates were washed with PBST washing buffer (PBS, 0.05% Tween) and blocked in PBS
with 1% bovine serum albumin followed by incubation with a stabilized pre-fusion F protein (0.25
ug/ml in PBST), which was captured by the immobilized anti-RSV F antibodies.

[000217] Serum samples were diluted in PBST with 1% bovine serum albumin and incubated with
goat-anti-mouse-IgG-HRP conjugate from Bio-Rad (1/5000 dilution in PBST), and the samples

were then incubated in the wells to allow for detection of RSV-F specific murine IgG. OPD
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substrate was used for detection. All incubations were performed at room temperature for 1h. After
each step, the plates were washed three times with PBST. Results from the ELISA assay are shown
in Figure 3. Prime immunizations with doses of 0.4 pg or higher resulted in humoral immune
responses having detectable IgG titers, and homologous boosting resulted in only a marginal
increase in IgG titers (cross-dose).

[000218] Example 2

[000219] To explore the cellular responses after a homologous repRNA boost, an animal study
was conducted in which splenocytes were tested in an ELISPOT using an RSV-F specific peptide.
[000220] Animal Manipulations

[000221] The studies complied with all applicable sections of the Final Rules of the Animal
Welfare Act regulations (9 CFR Parts 1, 2, and 3) and Guide for the Care and Use of Laboratory
Animals — National Academy Press, Washington D.C. FEight Fdition (the Guide).

[000222] Female Balb/c mice (6 weeks old) were purchased from Jackson laboratories.
[000223] Vaccine materials
[000224] IVT repRNA was generated and formulated as described in Example 1.

[000225] Vaccination and Experimental Design

[000226] Balb/c mice were vaccinated with a homologous prime-boost regimen using repRNA
(see Table 2 and Figure 4 for grouping and experimental design). Prior to immunization, each mouse
was anesthetized with 1-4% isoflurane in oxygen using a rodent anesthesia machine, and received
intramuscular (IM) injections of lipid-nanoparticle (LNP)-formulated repRNA (50 pL). Priming and
boosting doses were given 4 weeks apart (Figure 4).

[000227] After 6 weeks, all mice were sacrificed to obtain splenocytes for testing in an IFN-g
ELISPOT assay using the RSV-F specific CTL peptide KYKNAVTEL assay.

[000228] Table 2: Experimental grouping of animals in homologous repRNA immunization (i.m.)

study to explore cellular responses

Group Prime Boost 1 Dose Mice Vaccination
(wk4) repRNA /group weeks
(ng)
1 PBS - 4 0,67
2 repRNA - 1 10 0,67
3 repRNA repRNA 1 10 04, 6t

[000229] IFN-g ELISPOT Assay
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[000230] RSV-F-specific cellular immune responses using splenocytes were determined at time
point described in Figure 4 by interferon gamma Enzyme-linked immunospot assay (ELISPOT)
using IFNy ELISPOT kit for mouse cells from BD. Briefly, 500,000 splenocytes per well were
stimulated overnight with the CTL activating RSV-F peptide (KYKNAVTEL) at a final
concentration of 1 ug/ml. Subsequently, spots were developed following the kit manufacturer
instructions. The results of the ELISPOT assay are shown in Figure 5 and indicate that cellular
responses were only marginally increased (not statistically significant) after a boost.

[000231] Example 3

[000232] Due to the absence of boosting potential of the IVT repRNA vaccine in a homologous
prime-boost regimen, an animal study was conducted with the objective of exploring the potential of
heterologous prime-boost immunizations with repRNA-based vaccines in combination with Adeno-
based vaccines, both encoding a model antigen. In particular, the study tested two heterologous
vaccinations, comprising repRNA and Ad26-RSV-F with an immunization interval of 4 weeks, to
determine whether the heterologous prime-boost vaccination would improve humoral or cellular
immune responses compared to the homologous repRNA vaccination of Examples 1 and 2.
[000233] Animal Manipulations

[000234] These studies complied with all applicable sections of the Final Rules of the Animal
Welfare Act regulations (9 CFR Parts 1, 2, and 3) and Guide for the Care and Use of Laboratory
Animals — National Academy Press, Washington D.C. Eight Edition (the Guide).

[000235] A total of 36 (6 weeks old) female Balb/c mice were purchased from Jackson laboratories
[000236] Vaccine Materials

[000237] IVT repRNA was generated and formulated as described in Example 1.

[000238] The recombinant adenovirus vector, which was a purified E1/E3-deleted replication-
deficient recombinant adenovirus type 26 vaccine vector (Ad26) containing the RSV-F gene inserted
at the E1 position, was manufactured by Janssen R&D. The vector was rescued in PER.C6® cells,
plaque-purified, up-scaled and then purified by a two-step CsCl banding procedure, and
subsequently formulated in a TRIS-based formulation bufter and stored below -65°C.

[000239] The recombinant adenovirus vector expressed RSV-F derived from the RSV-A2 strain.
The expressed RSV-F protein had the amino acid sequence of SEQ ID NO:1.

[000240] The vaccine materials were stored at -80°C in a controlled temperature freezer.

[000241] Vaccination and Experimental Design

[000242] Balb/c mice were vaccinated with a heterologous prime-boost regimen using repRNA

and Adeno vector (see Table 3 and Figure 6 for grouping and experimental design). Prior to
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immunization, each mouse was anesthetized and received intramuscular (IM) injections of Adeno
vector or lipid-nanoparticle (LNP) formulated repRNA (as described in Example 1) into the hind
thighs. Priming and boosting doses were given 4 weeks apart (Figure 6).

[000243] The animal study was performed to explore whether a heterologous prime-boost
vaccination using repRNA and Ad26-RSV-F would improve humoral or cellular immune responses
(see Table 3 for grouping of mice and Figure 6 for experimental design) in contrast to homologous
repRNA vaccination, as demonstrated by Examples 1 and 2. All immunizations were intra-muscular.
Three control groups of mice received prime-only immunizations (i.m.) with either PBS, LNP-
formulated repRNA (1 ug), or Ad26-RSV-F (1x10’ vp). The potential of heterologous prime-boost
immunizations was tested in two additional groups of mice. One group of 8 mice was primed with
LNP-formulated repRNA (1 ug) and 4 weeks later boosted with Ad26-RSV-F (1x10’ vp). The other
group of 8 mice was primed with Ad26-RSV-F (1x10° VPs) followed by a boost after 4 weeks with
LNP-formulated repRNA (1 pg).

[000244] Table 3: Experimental grouping of animals in heterologous immunization study

Group | Prime Boost 1 Dose Dose Mice/ | Vaccination
(week 4) Adeno | repRNA group | weeks
(VPs) | (ng)

1 PBS PBS - . 4 0.6+

2 repRNA - - 1 8 0, 6+

3 adenovirus | - 10’ - 8 0, 6+

4 repRNA adenovirus | 10 1 8 0,4, 6+

5 adenovirus | repRNA 10’ 1 8 0, 4, 6+

[000245] Anti-RSV-F IgG ELISA

[000246] RSV-F-specific humoral responses were determined at 42 days after immunization by
anti-RSV-F IgG ELISA analysis as described in Example 1. Results from the ELISA assay are
shown in Figure 7. Heterologous prime-boost immunizations with repRNA and adenovirus vector
resulted in humoral immune responses having increased IgG titers compared to homologous
immunizations with repRNA or adenovirus vector.

[000247] IFN-y ELISPOT Assay
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[000248] RSV-F-specific cellular (splenocytes) immune responses were determined at 42 days
after immunization by interferon gamma ELISPOT analysis as described in Example 2. Results of
the ELISPOT assay are shown in Figure 8. Heterologous prime-boost immunizations with repRNA
and adenovirus vector resulted in increased cellular immune responses compared to prime-only
immunizations with repRNA or adenovirus vector.

[000249] In summary, the study demonstrated that increased humoral and cellular immune
responses were induced by immunization with heterologous vaccines of repRNA and adenovirus
vectors as compared to homologous immunizations with repRNA or adenovirus vector only.
[000250] It will be appreciated by those skilled in the art that changes could be made to the
embodiments described above without departing from the broad inventive concept thereof. It is
understood, therefore, that this invention is not limited to the particular embodiments disclosed, but
it is intended to cover modifications within the spirit and scope of the present invention as defined

by the appended claims.
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CLAIMS

We claim:

1. A method of inducing an immune response in a human subject in need thereof, the
method comprising:

a. administering to the human subject a first composition comprising an
immunologically effective amount of an in vitro transcribed (IVT) self-
replicating RNA (repRNA) comprising a first polynucleotide encoding a first
antigenic protein or an immunogenic polypeptide thereof, together with a
pharmaceutically acceptable carrier, and

b. administering to the subject a second composition comprising an
immunologically effective amount of an adenovirus vector comprising a second
polynucleotide encoding a second antigenic protein or an immunogenic
polypeptide thereof, together with a pharmaceutically acceptable carrier,

to thereby obtain an induced immune response in the human subject, wherein the first
and second antigenic proteins share at least one antigenic determinant, and one of the
compositions is a priming composition and the other composition is a boosting

composition.

2. The method according to claim 1, wherein the composition comprising the IVT repRNA is
the priming composition and the composition comprising the adenovirus vector is the

boosting composition.

3. The method according to claim 1, wherein the composition comprising the adenovirus vector
is the priming composition and the composition comprising the IVT repRNA is the boosting

composition.

4. The method according to any one of claims 1 to 3, wherein the induced immune response
comprises an induced antibody immune response against the at least one antigenic

determinant shared by the first and second antigenic proteins in the human subject.

5. The method according to any one of claims 1 to 3, wherein the induced immune response
comprises an induced cellular immune response against the at least one antigenic

determinant shared by the first and second antigenic proteins in the human subject.
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6. The method according to any one of claims 1 to 5, wherein the induced immune response
provides a protective immunity to the human subject against a disease related to at least one

of the first and second antigenic proteins.

7. The method according to any one of claims 1 to 6, wherein the IVT repRNA is a Venezuelan

equine encephalitis (VEE) virus-based repRNA.

8. The method according to any one of claims 1 to 7, wherein the adenovirus vector is a
recombinant human adenovirus serotype 26 (Ad26) vector or a recombinant human

adenovirus serotype 35 (Ad35) vector.

9. The method according to any one of claims 1 to 8, wherein the boosting composition is

administered 1-52 weeks after the priming composition is administered.

10. The method according to any one of claims 1 to 9, wherein the boosting composition is

administered at least 1 week after the priming composition is administered.

11. The method according to any one of claims 1 to 10, wherein the first and second antigenic

proteins are derived from a pathogen or a tumor.

12. The method according to any one of claims 1 to 11, wherein the first or second antigenic

protein is derived from a virus.

13. The method according to any one of claims 1 to 12, wherein the first and second antigenic

proteins are identical or substantially identical.

14. A combination for inducing an immune response in a human subject, comprising:

a. a first composition comprising an immunologically effective amount of an IVT
repRNA comprising a first polynucleotide encoding a first antigenic protein or
an immunogenic polypeptide thereof, together with a pharmaceutically
acceptable carrier, and

b. a second composition comprising an immunologically effective amount of an
adenovirus vector comprising a second polynucleotide encoding a second
antigenic protein or an immunogenic polypeptide thereof, together with a

pharmaceutically acceptable carrier,
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15.

16.

17.

18.

19.

20.

wherein the first and second antigenic proteins share at least one antigenic determinant,
and one of the compositions is a priming composition and the other composition is a

boosting composition.

Use of a combination for the preparation of a medicament for inducing an immune response
in a human subject, comprising:

a. a first composition comprising an immunologically effective amount of an IVT
repRNA comprising a first polynucleotide encoding a first antigenic protein or
an immunogenic polypeptide thereof, together with a pharmaceutically
acceptable carrier, and

b. a second composition comprising an immunologically effective amount of an
adenovirus vector comprising a second polynucleotide encoding a second
antigenic protein or an immunogenic polypeptide thereof, together with a
pharmaceutically acceptable carrier,

wherein the first and second antigenic proteins share at least one antigenic determinant,
and one of the compositions is a priming composition and the other composition is a

boosting composition.

The combination of claim 14 or use of claim 15, wherein the composition comprising the
IVT repRNA is the priming composition and the composition comprising the adenovirus

vector is the boosting composition.

The combination of claim 14 or use of claim 15, wherein the composition comprising the
adenovirus vector is the priming composition and the composition comprising the IVT

repRNA is the boosting composition.

The combination of claim 14 or use of claim 15, wherein the first or second antigenic protein

or immunogenic polypeptide thereof is derived from a pathogen or a tumor.

The combination of claim 14 or use of claim 15, wherein the first or second antigenic protein

or immunogenic polypeptide thereof is derived from a virus.

The combination of claim 14 or use of claim 15, wherein the first and second antigenic

proteins are identical or substantially identical.
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21. The combination of claim 14 or use of claim 15, wherein the IVT repRNA is a VEE virus-
based repRNA.

22. The combination of claim 14 or use of claim 15, wherein the adenovirus vector is an Ad26

vector or an Ad35 vector.
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