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Lentiviral vectors targeting antigens to MHC-Il pathway and inducing Protective

CD8+ and CD4+ T-cell Immunity in a host

Field of the invention

The invention relates to lentiviral vectors designed to provide a new generation of
vectors leveraged to route immunogens not only to MHC-I but also to MHC-II

pathways, and to induce both CD4* and CD8" T-cell responses.

In particular, the invention relates to such lentiviral vectors expressing antigen(s)
selected for their interest in eliciting an immunological response in a host, in particular
amammalian host, especially a human host in need thereof wherein the immunological
response encompasses a CD4+ T-cell response. The antigens may be expressed from
an insert in the lentiviral backbone of the vector consisting of a polynucleotide encoding
a fusion polypeptide comprising an MHC-II pathway-addressing molecule fused with a

single antigen or multiple antigens.

The lentiviral vector of the invention is provided for use in the design of immunological
compositions, preferably of a vaccine candidate, in particular a vaccine suitable for a

mammalian host, especially a human host.

Background of the invention

Lentiviral Vectors (LV) provide one of the most efficient vaccine platforms, relied on
their outstanding potential of gene transfer to the nuclei of the host cells, including
notably Antigen Presenting Cells (APC). Such nuclear transfer of genes initiates
expression of antigens which readily access the Major Histocompatibility Complex
Class-I (MHC-I) presentation machinery, i.e., proteasome, for further triggering of CD8*
T cells. In net contrast with their substantial ability at routing the endogenously
produced antigens into the MHC-I pathway, viral vectors, including LV, are barely
effective or inoperative in delivery of non-secreted antigens to the endosomal MHC-II
compartment (MIIC) and unable to trigger CD4" T cells. Although CD8* T cells
contribute largely to the immune control of infectious diseases or tumor growth, CD4*
T cells are the major immune players. In addition to their long lifespan and their own

direct effector functions, CD4* T cells orchestrate the immune system by regulating
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innate immunity, tailoring B-cell responses and supporting CD8* T cell effector
functions. Therefore, leveraging the potential of LV to induce CD4* T cells will

maximize their success rate in vaccine strategies.

Summary of the invention

In one aspect, the present invention relates to a recombinant lentiviral vector genome
comprising a polynucleotide encoding a fusion polypeptide, wherein said fusion

polypeptide comprises, arranged from N-terminal to C-terminal ends:

- a first polypeptide comprising (i) an MHC-ll-associated light invariant chain (i),
preferably of SEQ ID No. 11, or (ii) the transmembrane domain of the transferrin
receptor (TfR), preferably of SEQ ID No. 13, and

- at least one antigenic polypeptide of a pathogen.

The present invention further relates to a DNA plasmid comprising the recombinant

vector genome according to the invention.

The present invention also relates to a recombinant lentiviral vector or a recombinant
lentiviral vector particle which comprises the recombinant lentiviral vector genome

according to the invention.

The present invention also relates to a fusion polypeptide which comprises, arranged

from N-terminal to C-terminal ends:

- a first polypeptide comprising (i) an MHC-ll-associated light invariant chain (li),
preferably of SEQ ID No. 11, or (ii) the transmembrane domain of the transferrin
receptor (TfR), preferably of SEQ ID No. 13, and

- at least one antigenic polypeptide of a pathogen.
The present invention also relates to a polynucleotide encoding said polypeptide.

The invention further relates to a host cell, preferably a mammalian host cell, in
particular a human host cell, transfected with a DNA plasmid according to the invention,

in particular wherein said host cell is a HEK-293T cell line or a K562 cell line.

In another aspect, the invention relates to a pharmaceutical composition, in particular
a vaccine composition, suitable for administration to a mammalian host, in particular a

human host, comprising a recombinant lentiviral vector of the invention, a recombinant
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lentiviral vector particle of the invention, or a host cell of the invention together with one
or more pharmaceutically acceptable excipient(s) suitable for administration to a host

in need thereof, in particular a mammalian host, especially a human host.

In particular, the invention relates to the pharmaceutical composition for use in the
elicitation of a protective, preferentially prophylactic, immune response by the
elicitation of T-cell responses directed against epitopes contained in the antigenic
polypeptide or immunogenic fragments thereof, and/or cellular and/or humoral
response in a host in need thereof, in particular a mammalian host, especially a human

host.

Another aspect of the invention relates to a method for the preparation of recombinant
lentiviral vector particles suitable for the preparation of a pharmaceutical composition,

in particular a vaccine composition, comprising the following steps:

a) transfecting the recombinant lentiviral transfer vector carrying the lentiviral vector
genome according to the invention, or the DNA plasmid according to the invention in a

host cell, for example a HEK-293T cell line or a K562 cell line;

b) co-transfecting the cell of step a) with: (i) a plasmid vector encoding the lentiviral
GAG and POL or mutated POL protein as packaging construct; and (ii) a plasmid

encoding VSV-G Indiana or New Jersey envelope;

¢) culturing the host cell under conditions suitable for the production of recombinant

lentiviral vector particles expressing the fusion polypeptide of the invention;

d) recovering the recombinant lentiviral particles expressing the fusion polypeptide of

the invention.

Detailed description of the invention

The inventors have designed and prepared a platform of lentiviral vector encoding a
recombinant fusion protein, in which one or several antigens are fused to a protein
domain, generating a membrane-bound protein which traffics through the endosomes,

thus delivering the antigen(s) to the MHC-Il machinery. The inventors have discovered
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that MHC-Il-pathway-delivering protein domains, in particular the light invariant chain
(liy associated with the MHC-Il complex, and the transmembrane domain of the
transferrin receptor, could elicit an MHC-II antigen presentation and a strong CD4* T-
cell immmune response, when fused with the antigen(s) of a pathogen, when the antigen
is processed into antigen presentation cells expressing MHC-II molecules, using a
recombinant lentiviral vector expressing said antigen. This was unexpected, since the
T-cell immunogenicity of the existing lentiviral platforms were mostly restricted to a

CD8* T-cell immune response.

The inventors have also observed that the MHC-II presentation of the antigen(s) does
not show detrimental impact on the MHC-I presentation of the antigen(s) thereby

enabling elicitation of an immune response involving both presentation pathways.

The invention hence discloses a recombinant lentiviral vector genome comprising a
polynucleotide encoding a fusion polypeptide expressed as a multi-domain
recombinant protein comprising an MHC-II-pathway-delivering domain fused with one

or several antigenic domains.

The fusion polypeptide is encoded by a polynucleotide that is recombined in the
backbone of the lentiviral transfer vector in order to enable preparing lentiviral vector
particles expressing the fusion polypeptide harboring the antigen(s) for elicitation of an
immunological response, in particular a protective immunogenic response or

advantageously a sterile protection against the pathogen providing the antigen(s).

In one aspect, the invention thus relates to a recombinant lentiviral vector genome
comprising a polynucleotide encoding a fusion polypeptide, wherein said fusion

polypeptide comprises, arranged from N-terminal to C-terminal ends:

- a polypeptide comprising (i) an MHC-IlI-associated light invariant chain (li), preferably
of SEQ ID No. 11, or (ii) the transmembrane domain of the transferrin receptor (TfR),
preferably of SEQ ID No. 13, and

- at least one antigenic polypeptide of a pathogen.

In one embodiment, the fusion polypeptide comprises or consists of a MHC-II-
associated light invariant chain (li) fused with at least one antigenic polypeptide of a

pathogen.
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In another embodiment, the fusion polypeptide comprises or consists of the
transmembrane domain of the transferrin receptor (TfR) fused with at least one

antigenic polypeptide of a pathogen.

According to the invention, two polypeptides are fused to each other when the
nucleotide sequences encoding the two polypeptides are ligated to each other in-frame
to create a chimeric gene encoding a fusion polypeptide or protein. In the invention,
the nucleotide sequence of the antigenic polypeptide is generally ligated in 3’ position
with respect to the nucleotide sequence of the first polypeptide. The fusion between
two polypeptide sequences may be direct or indirect. Two polypeptides are fused
directly when the C-terminus of the first polypeptide chain is covalently bonded to the
N-terminus of the second polypeptide chain. Preferably, the polypeptides are fused
indirectly, i.e. a linker or spacer peptide or a further polypeptide is present between the

two fused polypeptides.

The invariant chain is preferably the human MHC-II associated light invariant chain. In
one embodiment, the light invariant chain comprises, in particular consists of, a
sequence of SEQ ID No. 11 or an amino acid sequence with at least 70% amino acid
sequence identity, preferably 80% or 85%, preferably 90% or 95% still preferably 98
or 99% with SEQ ID No. 11. In one embodiment, the light invariant chain has 1 to 10,
in particular 1 to 5, more particularly 1 to 3 amino acid changes with respect SEQ ID
No. 11. As used herein, an amino acid change may consist in an amino acid
substitution, addition or deletion. Preferably, the amino acid substitution is a

conservative amino acid substitution.

Transferrin receptor naturally acts as a carrier protein for transferrin. Its function is to
import iron into the cell by internalizing the transferrin-iron complex through receptor-
mediated endocytosis. In the invention, the transferrin receptor is preferably the human

transferrin receptor.

Accordingly, the fusion polypeptide may comprise the transmembrane domain of the
human transferrin receptor, preferably amino acids 1 to 118 of the human transferrin
receptor. In one embodiment, the transmembrane domain of the transferrin receptor,
as comprised within the fusion polypeptide of the invention, comprises, preferably
consists of, a sequence of SEQ ID No. 13 or an amino acid sequence with at least 70%

amino acid sequence identity, preferably 80% or 85%, preferably 90% or 95% still



10

15

20

25

30

WO 2022/189656 6 PCT/EP2022/056390

preferably 98 or 99% with SEQ ID No. 13. In one embodiment, the transmembrane
domain of the transferrin receptor has 1 to 10, in particular 1 to 5, more particularly 1

to 3 amino acid changes with respect SEQ ID No. 13.
According to the invention, the fusion polypeptide carries one or several antigens.

In an embodiment, the antigenic polypeptide is a mono-antigenic polypeptide
comprising one antigen of a pathogen or immunogenic fragment thereof. Alternatively,
said antigenic polypeptide a poly-antigenic polypeptide comprising at least two

antigens of one or more pathogens or immunogenic fragments thereof.

An “antigen” or an “antigenic polypeptide” as defined herein as a wild type or native
antigen of a pathogenic organism or as a fragment of such wild type a native antigen
or as a mutated polypeptide comprising less than 5% of mutated especially substituted
amino acid residues with respect to the wild type or native antigen. Mutations are in
particular point mutations of 1, 2, 3 or 4 amino acid residues of the amino acid
sequence of the wild type or native antigen. A fragment of the wild type or the native
antigen advantageously keeps the immunogenic properties of the polypeptide from
which it derives or shows improved immunogenic properties when it is expressed by
the lentiviral vector of the invention and advantageously shows immune protective
properties when expressed in a host. A fragment of an antigen has an amino acid
sequence which is sufficient to provide one or several epitope(s) in particular T-cell
epitopes and more particularly CD4+ or CD8+ T-cell epitopes or both and which keeps
the immunogenic, especially the protective properties leading to the protective activity
of the antigenic polypeptide from which it derives and/or exhibits such protective

properties when expressed by the lentiviral vector of the invention.

The expression “T-cell epitope” refers to antigenic determinants that are involved in
the adaptive immune response driven by T cells. In particular said T-cell epitopes elicit
T cells, when delivered to the host in suitable conditions. According to a particular
embodiment the antigenic polypeptides targeted according to the invention and the
polypeptide derivatives of these antigenic polypeptides comprise epitope(s) mediating
CD4+ T-cell response and advantageously also epitope(s) mediating CD8* T-cell

response.

Polypeptides and antigens described and used in the invention may have at least 50%

amino acid identity with the native protein, in particular at least 60%, in particular at
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least 70%, in particular at least 80%, more particularly at least 90 or 95%, more

particularly at least 99% identity.

In a particular embodiment the fusion polypeptide provides at least 2, in particular at
least 3 or at least 4 or at least 5 and in particular are especially 2, 3, 4 or 5, and
accordingly encompass at least 2, at least 3 or at least 4 antigens (and/or antigenic
fragments or mutated antigens with respect to a native or wild type determined antigen
of a pathogen). In a particular embodiment the antigenic polypeptide contained in the
fusion polypeptide comprises or consists of a fusion of up to 6 antigens or antigenic
fragments or mutated fragments thereof. The inventors have demonstrated that the
fusion polypeptide of the invention is capable of driving the expression of large
antigenic polypeptides, fused behind the first polypeptide. In one embodiment, the
fusion polypeptide comprises at least 200 amino acids, in particular at least 300 amino
acids, in particular at least 400 amino acids, more particularly at least 500 or 600 amino
acids. In one embodiment, the fusion polypeptide comprises from 200 to 1000 amino
acids, in particular from 200 to 800 amino acids. In one embodiment, the antigenic
polypeptide, comprising the one or several antigens expressed by the lentiviral vector,
comprises at least 100 amino acids, in particular at least 300 amino acids, more
particularly at least 400 or 500 amino acids. In one embodiment, the antigenic
polypeptide comprises from 100 to 1000 amino acids, in particular from 200 to 600
amino acids.

The antigenic polypeptide may be fused to the first polypeptide via a linker. Similarly,
when several antigen(s) or immunogenic fragments thereof are present within the
fusion polypeptide, the sequences of the antigens may be separated by linker
sequences, to avoid the formation of neo-epitopes. In particular, peptide linkers may
be used, such as four amino acid linkers GGGD, NNGG or NNDD. Suitable linkers are

also shown in the Examples, in particular in Table S3.

Preferably, the one or more antigens are selected and arranged within the fusion
polypeptide such as to preserve the native tertiary structure of the antigen(s) when the
fusion polypeptide is expressed. By preserving the native protein folding, the lentiviral

vector can induce efficient antigen routing to the MHC-1l machinery.

In one embodiment, the pathogen is selected from a bacterial, parasite or viral

pathogen, in particular a pathogen infecting mammals or human hosts or is a tumoral
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antigen or immunogenic fragment thereof, in particular an antigen from a mammalian
tumor, especially a human tumor or an immunogenic fragment thereof. In one
embodiment, the fusion polypeptide comprises at least two antigens or immunogenic
fragments thereof, wherein the at least two antigens or immunogenic fragments thereof
are selected from the same of from distinct pathogens. In one embodiment, the
pathogen is associated with an acute or a chronic respiratory infectious disease and in
particular may be selected from Mycobacterium tuberculosis (Mtb), an influenza virus
in particular a type A, type B or type C influenza virus, more specifically an H1N1,

H2N2 or H3N2 influenza virus, or a coronavirus, in particular SARS-CoV-2.

In particular, the antigenic polypeptide may comprise one or more Mycobacterium
tuberculosis (Mtb) antigens, in particular selected from EsxA (UniProtkKB - POWNK?7),
EspC (UniProtKB - POWJD7), EsxH (UniProtKB - POWNK3), PE19 (UniProtKB -
Q79FK4), or Ag85A (UniProtKB - POQWQP3), or (an) immunogenic fragment(s) thereof,
in particular a fragment lacking the initial methionine. Preferably, the immunogenic
fragment of EsxH comprises the MHC epitope of SEQ ID No. 15 and/or the MHC
epitope of SEQ ID No. 16. Preferably, the immunogenic fragment of EsxA comprises
the MHC epitope of SEQ ID No. 17. Preferably, the immunogenic fragment of PE19
comprises the MHC epitope of SEQ ID No. 18. Preferably, the immunogenic fragment
of Ag85A comprises the MHC epitope of SEQ ID no. 19. In one embodiment, the

antigenic polypeptide may comprise one of the following Mtb antigenic combinations:

(a) EsxH;

(b) EsxH and EsxA;

(c) EsxH, EsxA and PE19;

(d) EsxH, EsxA, EspC and PE19;

(e) EsxH, EsxA, EspC, PE19 and Ag85A;

or immunogenic fragments thereof, especially a combination of immunogenic
fragments encompassing the MHC epitopes mentioned herein.

In one embodiment, the antigenic polypeptide and/or the fusion polypeptide containing
the antigenic polypeptide does not comprise the sequence of ovalbumin or an

immunogenic fragment thereof.

In one embodiment, the fusion polypeptide has the sequence set forth in SEQ ID No.
24, wherein the sequence of the antigenic polypeptide may be replaced by another

antigenic polypeptide of interest.
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The invention also relates to the fusion polypeptide as defined herein.

The invention further relates to a nucleic acid molecule encoding the fusion polypeptide
defined herein. The nucleic acid may be DNA, in particular cDNA or may be RNA, in
particular stabilized RNA. The RNA sequences are deducted from the DNA sequences
wherein the Thymine (T) nucleobase is replaced by an Uracile (U) nucleobase. RNA
polynucleotides may be obtained by transcription of DNA or cDNA or may be

synthesized.

The nucleic acid molecule may further comprise control nucleotide sequences for the
transcription or for the expression of the fusion polypeptide comprising the antigen(s).
It may also be modified, in order to be operably ligated to a distinct polynucleotide such
as a plasmid or a vector genome (transfer plasmid), in particular a lentiviral vector
genome. It may also be modified, in particular to be rendered more stable such as for
use as RNA. In a further embodiment, the nucleic acid is a mammalian codon-
optimized, in particular a human codon-optimized sequence for expression in

mammalian, respectively human cells.

The invention also relates to a plasmid vector recombined with a nucleic acid molecule
encoding the fusion polypeptide carrying antigen(s) selected for the elicitation of an

immune response in a host.

In an embodiment, the plasmid vector is a transfer vector in particular a lentiviral
transfer vector suitable to provide the genome of a lentiviral vector of the invention.
The lentiviral vector expresses the selected antigenic polypeptide(s) within their fusion

polypeptide when expressed in vivo in a host.

In a particular embodiment, the nucleic acid molecule containing the genome of the
transfer vector is provided as a plasmid comprising the lentiviral backbone vector
recombined with a polynucleotide encoding the selected antigen(s) of the pathogen,
for their expression as a fusion polypeptide when said vector genome is provided in a

lentiviral vector particle that is used for administration to a host.

Additionally, the nucleic acid molecule may contain sequences for the control of
transcription and/or for the control of expression, and/or may contain sequences for
ligation to a distinct nucleic acid such as for ligation to a plasmid or a vector genome.

Hence the nucleic acid may contain one or more sequences for restriction site(s),
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Kozak sequence, promoter or other sequences as disclosed herein and illustrated in

the examples.

The expression “vector’ relates to biological or chemical entities suitable for the
delivery of the polynucleotides encoding the polypeptides of the invention to the cells
of the host administered with such vectors. Vectors are well known in the art and may
be viral vectors as those described herein such as lentiviruses which infect human.
The invention relates in particular to the use of HIV vectors, especially HIV-1 vectors
which are illustrated in the Examples. Details for the construction for HIV-1 vectors are

known in the art and provided in the examples.

In accordance with the invention, lentiviral vectors expressing antigenic polypeptides
are provided wherein the vectors have or comprise in their genome (vector genome) a
recombinant polynucleotide which encodes a fusion polypeptide according to the
invention, wherein said fusion polypeptide comprises at least one antigenic

polypeptide, in particular of a pathogen.

The lentiviral vectors of the invention, especially the preferred HIV-1 based vectors,
may be replication-incompetent pseudotyped lentiviral vectors, in particular a
replication-incompetent pseudotyped HIV-1 lentiviral vector, wherein said vector
contains a genome comprising a mammal codon-optimized synthetic nucleic acid, in
particular a human-codon optimized synthetic nucleic acid, wherein said synthetic
nucleic acid encodes a fusion polypeptide according to the invention, comprising (an)
antigenic polypeptide(s), in particular the antigenic polypeptide(s) of a determined
pathogen infecting a mammal, in particular a human host. The lentiviral vector may be
pseudotyped with the glycoprotein G from a Vesicular Stomatitis Virus (V-SVG) of

Indiana or of New-Jersey serotype.

Use of codon-optimized sequences in the genome of the vector particles allows in
particular strong expression of the antigenic polypeptide in the cells of the host
administered with the vector, especially by improving mRNA stability or reducing
secondary structures. In addition, the expressed antigenic polypeptide undergoes post
translational modifications which are suitable for processing of the antigenic
polypeptide in the cells of the host, in particular by modifying translation modification
sites (such as glycosylation sites) in the encoded polypeptide. Codon optimization tools

are well known in the art, including algorithms and services such as those made
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available by GeneArt (Life technologies-USA) and DNA2.0 (Menlo Park, California —
USA). In a particular embodiment codon-optimization is carried out on the open
reading frame (ORF) sequence encoding the antigenic polypeptide and the
optimization is carried out prior to the introduction of the sequence encoding the ORF
into the plasmid intended for the preparation of the vector genome. In another

embodiment, additional sequences of the vector genome are also codon-optimized.

The active ingredients consisting of the viral vectors may be integrative pseudotyped
lentiviral vectors, especially replication-incompetent integrative pseudotyped lentiviral
vectors, in particular a HIV-1 vector. Such lentiviral vectors may in addition contain a
genome comprising a mammal-codon optimized synthetic nucleic acid, in particular a
human-codon optimized synthetic nucleic acid, wherein said synthetic nucleic acid
encodes a fusion polypeptide according to the invention, comprising (an) antigenic
polypeptide(s), in particular the antigenic polypeptide(s) of a determined pathogen
infecting a mammal such as disclosed herein, in particular a virus or a bacteria or a

parasite infecting a human host.

Alternatively, the lentiviral vector and in particular the HIV-1 based vector may be a

non-integrative replication-incompetent pseudotyped lentiviral vector.

A particular embodiment of a lentiviral vector suitable to achieve the invention relates
to a lentiviral vector whose genome is obtained from the pTRIP vector plasmid or the
pFLAPdeltal3 vector plasmid, preferably the pFLAPdeltal3 plasmid, in particular the
vector plasmid of nucleotide sequence SEQ ID No. 20, wherein the nucleic acid
encoding the fusion polypeptide has been cloned under control of a promoter functional
in mammalian cells, in particular the CMV promoter, the human B2-microglobulin
promoter, the SP1-B2m promoter of SEQ ID No. 21 or the composite “BCUAG”
promoter of SEQ ID No. 22, preferably the SP1-2m promoter, and wherein the vector
optionally comprises post-transcriptional regulatory element of the woodchuck
hepatitis virus (WPRE), wild type or mutated. In particular, the WPRE is a mutant
WPRE as set forth in SEQ ID No. 23.

The pFLAPdeltaU3 plasmid or pFLAP plasmid, is a lentiviral plasmid vector derived
from the pTRIP plasmid. Examples of pFLAP plasmids are shown in Figures 13, 14
and 15.
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In a further embodiment of the invention, the lentiviral vector particle expressing the
fusion polypeptide according to the features herein described is pseudotyped with the
glycoprotein G from a Vesicular Stomatitis Virus (V-SVG) of Indiana or of New-Jersey

serotype.

The particular features of such lentiviral vectors will be further discussed in detail

below.

The invention also relates to a DNA plasmid comprising the recombinant lentiviral
vector genome according to the definitions provided herein, in particular wherein said
genome is inserted within the pFLAPdeltal3 vector plasmid, preferably the vector
plasmid of nucleotide sequence SEQ ID No. 20, wherein the fusion polypeptide
according to the invention is inserted between restriction sites BamHI and Xhol in

replacement of the GFP sequence.

The invention further relates to a host cell, preferably a mammalian host cell,
comprising the lentiviral vector genome of the invention, or transfected with a DNA
plasmid according to the invention. In particular, said host cell is a HEK-293T cell line

or a K562 cell line. The invention further relates to a culture of said host cells.

The invention also relates to a formulation or pharmaceutical composition, in particular
a vaccine composition, suitable for administration to a mammalian host, comprising a
recombinant lentiviral vector of the invention together with one or more
pharmaceutically acceptable excipient(s) suitable for administration to a host in need

thereof, in particular a mammalian host, especially a human host.

The invention also relates to a formulation suitable for administration to a mammalian
host, in particular a human host comprising as an active ingredient lentiviral vector
particles as defined herein for protection against a pathogen infection or against the
pathogen-induced condition or disease, together with excipient(s) suitable for
administration to a host in need thereof, in particular a human host. The disease may
be an acute or a chronic respiratory infectious disease such as tuberculosis, influenza,
in particular caused by a type A, type B or type C influenza virus, more specifically an
H1N1, H2N2 or H3N2 influenza virus. The disease may also be a coronavirus disease,
in particular caused by SARS-CoV-2.

The pharmaceutical composition, in particular the vaccine composition, or the

formulation according to the invention may also comprise an adjuvant component, in
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particular a pro-Th1 and/or pro-Th17 adjuvant, and/or an immunostimulatory

component.

In particular, the composition or formulation may comprise a pro-Th1 adjuvant such as
polyinosinic-polycytidylic acid (polyl:C) or a derivative thereof. A derivative of poly (I:C)
refers to a mismatched dsRNA obtained by modifying the specific configuration of poly
(I:C) through the introduction of unpaired bases thereinto, and includes poly (1:CxU),
poly (IxU:C) (where x is on average a number from 3 to 40) and the like. Preferably, a
derivative of poly (I:C) is poly (I:C12U) or poly (C:112U), which is commercially available

under the trade name Ampligen™.

The composition or formulation may also comprise a pro-Th1/Th17 adjuvant such as
a cyclic dinucleotide adjuvant. Cyclic nucleotide adjuvants are also referred to as
STING-activating cyclic dinucleotide adjuvant. The term "cyclic dinucleotides"
("CDNs") as used herein refers to a class of molecules comprising 2'-5' and/or 3'-5'
phosphodiester linkages between two purine nucleotides. This includes 2'-5'-2' %', 2'-
5-3'5, and 3'5-3'5" linkages. CDNs are ubiquitous small molecule second
messengers synthesized by bacteria that regulate diverse processes and are a
relatively new class of adjuvants that have been shown to increase vaccine potency.
CDNs activate innate immunity by directly binding the endoplasmic reticulum-resident
receptor STING (stimulator of interferon genes), activating a signaling pathway that
induces the expression of interferon8 (IFN-B) and also nuclear factor-kB (NF-«kB)
dependent inflammatory cytokines. Preferably, the CDN is cyclic Guanine-Adenine
dinucleotide (cGAMP).

The inventors have shown that the use of adjuvants, in particular pro-Th1 and/or pro
Th17 adjuvants, together with the lentiviral vector of the invention, elicited the
generation of Th1 CD4* or CD8" T cells, as well as IL-17A-producing Th17 CD4* T

cells.

In another aspect of the invention, the active ingredient, in particular the lentiviral vector
particles, or the composition or the formulation comprising the same is for use in the
protective immunization against a pathogenic infection or against pathogen-induced
condition or disease, in a mammalian host, especially a human host, optionally in

association with an appropriate delivery vehicle and optionally with an adjuvant
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component and/or with an immunostimulant component, e.g. an adjuvant component

and/or immunostimulant component as defined in the present specification.

Accordingly, the active ingredient, or the composition, in particular the lentiviral vector
particles of the invention, when administered to a host in need thereof, especially to a
mammalian, in particular to a human host, elicits an immune response by the elicitation
of antibodies directed against the antigenic polypeptide or immunogenic fragments
thereof. Said immune response may encompass activation of naive lymphocytes and
generation of effector T-cell response and generation of immune memory antigen-

specific T-cell response against antigen(s) of the pathogen.

One aspect of the invention relates to the active ingredient, in particular the lentiviral
vector particles, the pharmaceutical composition and/or formulation of the invention,
for use in preventing and/or treating an infection by a pathogen in a mammalian host
in need thereof, in particular a human host in particular an infection by a pathogen
associated with an acute or chronic respiratory infectious disease in a mammal. The
invention also relates to a method of preventing and/or treating an infection by a
pathogen in a mammalian host in need thereof, in particular a human host in particular
an infection by a pathogen associated with an acute or chronic respiratory infectious
disease in a mammal, wherein said method comprises administering an effective dose
of the active ingredient, pharmaceutical composition and/or formulation of the invention

to said mammalian host.

The products, methods and uses described herein may be for human or veterinary

applications.

The immune response involves the induction of MHC-I restricted presentation and
MHC-II restricted presentation of the antigenic polypeptide or immunogenic fragments
thereof, by an antigen-presenting cell, in particular a dendritic cell, and the induction of
a CD4- and CD8-mediated immune response. By way of contrast, a comparable vector
using the same antigenic polypeptide not fused to the invariant chain (li) or the
transmembrane domain of the transferrin receptor, does not trigger a significant CD4+
T-cell response. The robust CD4+ T-cell response elicited by the lentiviral vector of the
invention is thus unexpected and overcomes the drawbacks encountered using the
existing lentiviral vectors, which are restricted to a CD8+ T-cell response. In one

embodiment, the CD4+ T-cell response elicited by a lentiviral vector of the invention is
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at least 30% higher, preferably at least 50% higher, still preferably at least 100%
higher, even preferably at least 200% higher, in comparison with a comparable
lentiviral vector in which the antigenic polypeptide(s) is expressed alone and not within
a fusion protein, fused to the invariant chain (li) or the transmembrane domain of the
transferrin receptor. The CD4+ T-cell response may be measured by assessing the
expansion of antigen-specific CD4+ T cells in response to an administration, e.g. an
injection, of the lentiviral vector of the invention, preferably in a pharmaceutical
composition, in particular vaccine composition. The Examples of the present

specification illustrate such as measurement.

The lentiviral vector of the invention is particularly capable of eliciting the generation of
IFN-y/TNF-a-producing CD4+ or CD8+ T cells.

The immune response may either prevent the infection by the pathogen or may prevent

the onset or the development of a pathological state resulting from infection.

Physiologically acceptable vehicles may be chosen with respect to the administration
route of the immunization composition. In a preferred embodiment, administration may
be carried out by injection, in particular intramuscularly, intradermally, subcutaneously,

or, by intranasal administration or topical skin application.

Recombinant lentiviral vector particles of the invention are used for elicitation in a host,
in particular a mammalian host, especially a human host, of an immune response
against the pathogen providing the antigens expressed by the particles, said use
involving an immunization pattern comprising administering an effective amount of an
active ingredient, in particular the lentiviral particles that elicits the cellular immune
response of the host as a prime, and later in time administering an effective amount of
the same active ingredient or another active ingredient, e.g. the lentiviral particles, to
boost the cellular immune response of the host, and optionally repeating (once or

several times) said administration step for boosting.

For each step of administration of the lentiviral vector particles, in particular in a
regimen that encompasses multiple administration steps, it is preferred that the
pseudotyping envelope protein(s) of the vector particles is(are) different from the one
used in the other step(s), especially originate from different viruses, in particular
different VSVs. In the prime-boost regimen, the administered combination of

compounds of each step comprises lentiviral vectors as defined herein.
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Priming and boosting steps are separated in time by at least 2 weeks, in particular 6

weeks, in particular by at least 8 weeks.

In a particular embodiment, the recombinant lentiviral vector particles of the invention
are used for elicitation in a host, in particular a mammalian host, especially a human
host, of an immune response against the pathogen providing the antigens expressed
by the particles, said use involving an immunization pattern comprising a heterologous
prime-boost regimen wherein the recombinant lentiviral vector particles of the invention
are used for a boost. The priming step may be performed using a live-attenuated
pathogen vaccine or another heterologous immunogenic composition with respect to
the recombinant lentiviral vector particles of the invention. Details on the administration

regimen will be discussed further below.

The LV particles provides a cellular immune response (T-cell immune response),
particularly a CD4+T-cell immune response and advantageously a CD8+- T-cell
immune response, i.e., an adaptive immune response which is mediated by activated

cells harbouring respectively CD4 or CD8 receptors.

In a particularly advantageous embodiment, the immune response conferred by the LV
particles, is a long-lasting immune response i.e., said immune response encompasses
memory cells response and in particular central memory cells response; in a particular
embodiment it can be still detected at least several months after the last administration

step.

In accordance with the invention when the lentiviral particles are used in a prime-boost
regimen or a multiple steps administration regimen, lentiviral vector particles are
provided which are pseudotyped with a first determined pseudotyping envelope G
protein obtained from the VSV, strain Indiana or New-Jersey, and later administered
lentiviral vector particles are provided which are pseudotyped with a second
determined pseudotyping envelope G protein obtained from a VSV, strain New Jersey
or Indiana. The order of use in the prime-boost regimen of the first and second
compounds thus described may alternatively be inversed. Thus, the lentiviral vector
particles contained in the separate active ingredients/compounds of the combinations
or compositions of the invention when intended for use in a prime-boost regimen are
distinct from each other, at least due to the particular pseudotyping envelope protein(s)

used for pseudotyping the vector particles.
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Doses of lentiviral vectors intended for elicitation of the cellular immune response
which are used in the administration pattern, may comprise from 10° TU to 10" TU of
recombinant lentiviral particles especially from 10° to 108 TU, when integrative vectors
are used. The dose intended for administration to the host may comprise from 108 to
10'° of each type of recombinant lentiviral vector particles when integrative-

incompetent vectors are used.

The invention also concerns a method of providing immunization in a mammalian host,
especially in a human host, comprising the step of administering, as a prime or as a
boost, the recombinant lentiviral vector particles of the invention to elicit the immune
response, and optionally repeating the administration steps one or several times, in

particular to boost said response, in accordance with the present disclosure.

Optionally, the recombinant lentiviral vector particles may be used in association with
an adjuvant compound suitable for administration to a mammalian, especially a human
host, and/or with an immunostimulant compound, together with an appropriate delivery
vehicle. Suitable adjuvants and immunostimulant compounds are described in the

present specification.

The recombinant lentiviral vector particles can be administered to the host via injection
through different routes including subcutaneous (s.c.), intradermal (i.d.), intramuscular
(i.m.) or intravenous (i.v.) injection, or may be administered orally to topically trough
mucosal or skin administration, especially intranasal (i.n.) administration or inhalation.
The quantity to be administered (dosage) depends on the subject to be treated,
including considering the condition of the patient, the state of the individual's immune
system, the route of administration and the size of the host. Suitable dosages range
may be determined with respect to the content in equivalent transducing units of HIV-

1-derived lentiviral vector particles.

Other examples and features of the invention will be apparent when reading the
examples and the figures which illustrate the preparation and application of the
lentiviral vector particles with features that may be individually combined with the

definitions given in the present description.
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Detailed description of the lentiviral vectors for use according to the invention

The invention accordingly involves lentiviral vectors which are recombinant lentiviral
particles (i.e. recombinant vector particles), and which may be replication-incompetent
lentiviral  vectors, especially replication-incompetent HIV-1 based vectors
characterized in that: (i) they are pseudotyped with a determined heterologous viral
envelope protein or viral envelope proteins originating from a RNA virus which is not
HIV, and (ii) they comprise in their genome at least one recombinant polynucleotide
encoding a fusion polypeptide of the invention, comprising at least one antigenic
polypeptide (or polypeptide derivative thereof such as immunogenic fragment(s)
thereof) carrying epitope(s) of an antigen of a pathogen wherein the pathogen is
capable of infecting a mammalian host, in particular a human host and wherein said
epitopes encompass T-cell epitope(s), in particular both CD4+ T-cell epitopes and

CD8+ T-cell epitopes.

According to a particular embodiment of the invention, the lentiviral vectors are either
designed to express proficient (i.e., integrative-competent) or deficient (i.e., integrative-
incompetent) particles. According to a particular embodiment of the invention, the
recombinant lentiviral vector particles are both integration-incompetent and replication-

incompetent.

The preparation of the lentiviral vectors is well known from the skilled person and has
been extensively disclosed in the literature (confer for review Sakuma T. et al
(Biochem. J. (2012) 443, 603-618). The preparation of such vectors is also illustrated

herein in the Examples.

In a particular embodiment of the invention, the polynucleotide(s) encoding the
antigenic polypeptides (ORF) of the lentiviral vector has(have) been mammal-codon
optimized (CO) in particular human-codon optimized. Optionally the lentiviral
sequences of the genome of said particles have also a mammal-codon optimized
nucleotide sequence. In a particular aspect of the invention the codon optimization has
been carried out for expression in mouse cells. In another embodiment the sequence
of the polynucleotide(s) encoding the antigenic polypeptides of the lentiviral vector

has(have) been human-codon optimized (CO).

It has been observed that codon optimized nucleotide sequences, especially when

optimized for expression in mammalian and in particular in human cells, enable the
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production of higher yield of particles in such mammalian or human cells. Production
cells are illustrated in the examples. Accordingly, when lentiviral vector particles of the
invention are administered to a mammalian, especially to a human host, higher
amounts of particles are produced in said host which favour the elicitation of a strong

immune response.

The recombinant lentiviral vector (i.e., lentiviral vectors particles or lentiviral-based
vector particles) defined in the present invention are pseudotyped lentiviral vectors
consisting of vector particles bearing envelope protein or envelope proteins which
originate from a virus different from the particular lentivirus (especially a virus different
from HIV, in particular HIV-1), which provides the vector genome of the lentiviral vector
particles. Accordingly, said envelope protein or envelope proteins, are “heterologous”
viral envelope protein or viral envelope proteins with respect to the vector genome of
the particles. In the following pages, reference will also be made to “envelope
protein(s)” to encompass any type of envelope protein or envelope proteins suitable to

perform the invention.

When reference is made to “lentiviral’ vectors (lentiviral-based vectors) in the
application, it relates in particular, to HIV-based vectors and especially HIV-1-based

vectors.

The lentiviral vectors suitable to perform the invention are so-called replacement
vectors, meaning that the sequences of the original lentivirus encoding the lentiviral
proteins are essentially deleted in the genome of the vector or, when present, are
modified, and especially mutated, especially truncated, to prevent expression of
biologically active lentiviral proteins, in particular, in the case of HIV, to prevent the
expression by said transfer vector providing the genome of the recombinant lentiviral
vector particles, of functional ENV, GAG, and POL proteins and optionally of further
structural and/or accessory and/or regulatory proteins of the lentivirus, especially of
HIV.

In a particular embodiment, the lentiviral vector is built from a first-generation vector,
in particular a first-generation of a HIV-based vector which is characterized in that it is
obtained using separate plasmids to provide (i) the packaging construct, (ii) the
envelope and (iii) the transfer vector genome. Alternatively, it may be built from a

second-generation vector, in particular a second-generation of a HIV-based vector
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which in addition, is devoid of viral accessory proteins (such as in the case of HIV-1,
Vif, Vpu, Vpr or Nef) and therefore includes only four out of nine HIV full genes: gag,
pol, tat and rev. In another embodiment, the vector is built from a third-generation
vector, in particular a third-generation of a HIV-based vector which is furthermore
devoid of said viral accessory proteins and also is Tat-independent; these third-
generation vectors may be obtained using 4 plasmids to provide the functional
elements of the vector, including one plasmid encoding the Rev protein of HIV when
the vector is based on HIV-1. Such vector system comprises only three of the nine
genes of HIV-1. The structure and design of such generations of HIV-based vectors is

well known in the art.

In any of these generations of the vector, modifications are additionally provided
according to the invention by insertion in the vector backbone of the fusion polypeptide
as described herein, to provide a LV vector leveraged to target and activate APC, in
particular dendritic cells to route immunogens to MHC-Il pathway and to induce both
CD4+ and CD8+ T-cell responses.

The “vector genome” of the vector particles is a recombinant nucleic acid which also
comprises as a recombined sequence the polynucleotide or transgene of interest
encoding the fusion polypeptide according to the invention comprising one or more
antigenic polypeptide(s) or immunogenic fragment(s) thereof, in particular of pathogen
as disclosed herein. The lentiviral-based sequence and polynucleotide/transgene of
the vector genome are borne by a plasmid vector thus giving rise to the “transfer vector”
also referred to as “sequence vector’. Accordingly, these expressions are used
interchangeably in the present description. According to a particular embodiment, a
vector genome prepared for the invention comprises a nucleic acid having a sequence
of SEQ ID No. 20, in which the polynucleotide encoding the fusion polypeptide of the
invention is inserted between restriction sites BamHI and Xhol in replacement of GFP
sequence (SEQ ID No. 30).

The vector genome as defined herein accordingly contains, apart from the so-called
recombinant polynucleotide(s) encoding the fusion polypeptide of the invention
comprising the antigenic polypeptide(s) placed under control of proper regulatory
sequences for its expression, the sequences of the original lentiviral genome which
are non-coding regions of said genome, and are necessary to provide recognition

signals for DNA or RNA synthesis and processing (mini-viral genome). These
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sequences are especially cis-acting sequences necessary for packaging (), reverse
transcription (LTRs possibly mutated with respect to the original ones) and
transcription and optionally integration (RRE) and furthermore for the particular
purpose of the invention, they contain a functional sequence favouring nuclear import
in cells and accordingly transgene transfer efficiency in said cells, which element is
described as a DNA Flap element that contains or consists of the so-called central
cPPT-CTS nucleotidic domain present in lentiviral genome sequences especially in

HIV-1 or in some retroelements such as those of yeasts.

The structure and composition of the vector genome used to prepare the lentiviral
vectors of the invention are based on the principles described in the art and on
examples of such lentiviral vectors primarily disclosed in (Zennou et al, 2000; Firat H.
et al, 2002; VandenDriessche T. et al). Constructs of this type have been deposited at
the CNCM (Institut Pasteur, France) as will be referred to herein. In this respect
reference is also made to the disclosure, including to the deposited biological material,
in patent applications WO 99/55892, WO 01/27300 and WO 01/27304.

According to a particular embodiment of the invention, a vector genome may be a
replacement vector in which all the viral protein coding sequences between the 2 long
terminal repeats (LTRs) have been replaced by the recombinant polynucleotide
encoding the fusion polypeptide of the invention comprising the antigenic
polypeptide(s) as disclosed herein, and wherein the DNA-Flap element has been re-
inserted in association with the required cis-acting sequences described herein.
Further features relating to the composition of the vector genome are disclosed in

relation to the preparation of the particles.

In a particular embodiment, a lentiviral vector of the invention may comprise in its
genome one or more than one recombinant polynucleotide encoding a fusion
polypeptide according to the invention. In particular, said vector genome comprises
two polynucleotides which are consecutive or separated on the genome and which
encode different polypeptides of either the same or distinct antigens of the pathogen

or of distinct pathogens.
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Particular features of the lentiviral vectors used in accordance with the various
embodiments of the invention are also disclosed in the Examples, such features being

either taken alone or in combination to produce the vectors.

According to an embodiment of the invention, the lentiviral vector particles are
pseudotyped with a heterologous viral envelope protein or viral polyprotein of envelope
originating from an RNA virus which is not the lentivirus providing the lentiviral

sequences of the genome of the lentiviral particles.

As examples of typing envelope proteins for the preparation of the lentiviral vector, the
invention relates to viral transmembrane glycosylated (so-called G proteins) envelope
protein(s) of a Vesicular Stomatitis Virus (VSV), which is(are) for example chosen in
the group of VSV-G protein(s) of the Indiana strain and VSV-G protein(s) of the New

Jersey strain.

Other examples of VSV-G proteins that may be used to pseudotype the lentiviral
vectors of the invention encompass VSV-G glycoprotein may especially be chosen
among species classified in the vesiculovirus genus: Carajas virus (CJSV), Chandipura
virus (CHPV), Cocal virus (COCV), Isfahan virus (ISFV), Maraba virus (MARAV), Piry
virus (PIRYV), Vesicular stomatitis Alagoas virus (VSAV), Vesicular stomatitis Indiana
virus (VSIV) and Vesicular stomatitis New Jersey virus (VSNJV) and/or stains
provisionally classified in the vesiculovirus genus as Grass carp rhabdovirus, BeAn
157575 virus (BeAn 157575), Boteke virus (BTKV), Calchaqui virus (CQIV), Eel virus
American (EVA), Gray Lodge virus (GLOV), Jurona virus (JURV), Klamath virus
(KLAV), Kwatta virus (KWAV), La Joya virus (LJV), Malpais Spring virus (MSPV),
Mount Elgon bat virus (MEBYV), Perinet virus (PERV), Pike fry rhabdovirus (PFRV),
Porton virus (PORV), Radi virus (RADIV), Spring viremia of carp virus (SVCV), Tupaia
virus (TUPV), Ulcerative disease rhabdovirus (UDRV) and Yug Bogdanovac virus
(YBV).

The envelope glycoprotein of the vesicular stomatitis virus (VSV-G) is a
transmembrane protein that functions as the surface coat of the wild type viral particles.
It is also a suitable coat protein for engineered lentiviral vectors. Presently, nine virus
species are definitively classified in the VSV gender, and nineteen rhabdoviruses are
provisionally classified in this gender, all showing various degrees of cross-

neutralisation. WWhen sequenced, the protein G genes indicate sequence similarities.



10

15

20

25

30

WO 2022/189656 23 PCT/EP2022/056390

The VSV-G protein presents an N-terminal ectodomain, a transmembrane region and
a C-terminal cytoplasmic tail. It is exported to the cell surface via the trans-Golgi

network (endoplasmic reticulum and Golgi apparatus).

Vesicular stomatitis Indiana virus (VSIV) and Vesicular stomatitis New Jersey virus
(VSNJV) are preferred strains to pseudotype the lentiviral vectors of the invention, or
to design recombinant envelope protein(s) to pseudotype the lentiviral vectors. Their
VSV-G proteins are disclosed in GenBank, where several strains are presented. For
VSV-G New Jersey strain reference is especially made to the sequence having
accession number V01214. For VSV-G of the Indiana strain, reference is made to the
sequence having accession number AAA48370.1 in Genbank corresponding to strain
J02428.

Said viral envelope protein(s) are capable of uptake by antigen presenting cells and
especially by dendritic cells including by liver dendritic cells by mean of fusion and/or
of endocytosis. In a particular embodiment, the efficiency of the uptake may be used
as a feature to choose the envelope of a VSV for pseudotyping. In this respect the
relative titer of transduction (Titer DC/Titer of other transduced cells e.g. 293T cells)
may be considered as a test and envelope having a relatively good ability to fuse with

DC would be preferred.

Antigen Presenting Cells (APC) and especially Dentritic cells (DC) are proper target
cells for pseudotyped lentiviral vectors which are used as immune compositions

accordingly.

The VSV-G envelope protein(s) are expressed from a polynucleotide containing the
coding sequence for said protein(s), which polynucleotide is inserted in a plasmid
(designated envelope expression plasmid or pseudotyping env plasmid) used for the
preparation of the lentiviral vector particles of the invention. The polynucleotide
encoding the envelope protein(s) is under the control of regulatory sequences for the
transcription and/or expression of the coding sequence including optionally post-
transcriptional regulatory elements (PRE) especially a polynucleotide such as the
element of the Woodchuck hepatitis virus, i.e. the WPRE sequence, obtainable from

Invitrogen or a mutant sequence of WPRE as set forth in SEQ ID No. 23.

Accordingly, a nucleic acid construct is provided which comprises an internal promoter

suitable for the use in mammalian cells, especially in human cells in vivo and the
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nucleic acid encoding the envelope protein under the control of said promoter. A
plasmid containing this construct is used for transfection of cells suitable for the
preparation of vector particles. Promoters may in particular be selected for their
properties as constitutive promoters, tissue-specific promoters, or inducible promoters.
Examples of suitable promoters encompass the promoters of the following genes:
MHC Class-lI promoters, human beta-2 microglobulin gene (82M promoter), EF1aq,
human PGK, PPI (preproinsulin), thiodextrin, HLA DR invariant chain (P33), HLA DR
alpha chain, Ferritin L chain or Ferritin H chain, Chymosin beta 4, Chymosin beta 10,
Cystatin Ribosomal Protein L41, CMVie or chimeric promoters such as GAG(CMV
early enhancer / chicken B actin) disclosed in Jones S. et al (Jones S. et al Human
Gene Therapy, 20:630-640(June 2009)) or beta-2m-CMV (BCUAG) as disclosed

herein.

These promoters may also be used in regulatory expression sequences involved in the
expression of gag-pol derived proteins from the encapsidation plasmids, and/or to

express the antigenic polypeptides from the transfer vector.

Alternatively, when the envelope expression plasmid is intended for expression in
stable packaging cell lines, especially for stable expression as continuously expressed
viral particles, the internal promoter to express the envelope protein(s) is
advantageously an inducible promoter such as one disclosed in Cockrell A.S. et al.
(Mol. Biotechnol. (2007) 36:184-204). As examples of such promoters, reference is
made to tetracycline and ecdysone inducible promoters. The packaging cell line may
be the STAR packaging cell line (ref Cockrell A.S. et al (2007), Ikedia Y. et al (2003)
Nature Biotechnol. 21: 569-572) or a SODk packaging cell line, such as SODKO derived
cell lines, including SODk1 and SODKk3 (ref Cockrell A.S. et al (2007), Cockrell A;S.et
al (2006) Molecular Therapy, 14. 276-284, Xu K. et al. (2001) ,Kafri T. et al (1999)
Journal of Virol. 73:576-584).

According to the invention, the lentiviral vectors are the product recovered from co-

transfection of mammalian cells, with:

- a vector plasmid comprising (i) lentiviral, especially HIV-1, cis-active sequences
necessary for packaging, reverse transcription, and transcription and further
comprising a functional lentiviral, especially derived from HIV-1, DNA flap element and

(i) a polynucleotide encoding the fusion polypeptide of the invention, itself comprising
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one or more antigenic polypeptide(s) or immunogenic fragment(s) thereof of one or
more pathogens against which an immune response is sought under the control of
regulatory expression sequences, preferably a human 2 microglobulin promoter or a
modified human p2-microglobulin promoter such as the SP1-2m promoter of SEQ ID
No. 21, and optionally comprising sequences for integration into the genome of the

host cell;

- an expression plasmid encoding a pseudotyping envelope derived from an RNA virus,
said expression plasmid comprising a polynucleotide encoding an envelope protein or
proteins for pseudotyping, wherein said envelope pseudotyping protein is
advantageously from a VSV and is in particular a VSV-G of the Indiana strain or of the

New Jersey strain and,

- an encapsidation plasmid, which either comprises lentiviral, especially HIV-1, gag-
pol packaging sequences suitable for the production of integration-competent vector
particles or modified gag-pol packaging sequences suitable for the production of

integration-deficient vector particles.

The invention thus also concerns lentiviral vector particles as described above, which

are the product recovered from a stable cell line transfected with:

- a vector plasmid comprising (i) lentiviral, especially HIV-1, cis-active sequences
necessary for packaging, reverse transcription, and transcription and further
comprising a functional lentiviral, especially HIV-1, DNA flap element and optionally
comprising cis-active sequences necessary for integration, said vector plasmid further
comprising, (i) a polynucleotide of a codon-optimized sequence for murine or for
human of the gene encoding the fusion polypeptide of the invention, comprising one
or more antigenic polypeptide(s) or immunogenic fragment(s) thereof of one or more
pathogens as disclosed herein, under the control of regulatory expression sequences,

especially a promoter;

- a VSV-G envelope expression plasmid comprising a polynucleotide encoding a VSV-
G envelope protein in particular VSV-G of the Indiana strain or of the New Jersey strain,
wherein said polynucleotide is under the control of regulating expression sequences,

in particular regulatory expression sequences comprising a promoter, and,;

- an encapsidation plasmid, wherein the encapsidation plasmid either comprises

lentiviral, especially HIV-1, gag-pol coding sequences suitable for the production of
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integration-competent vector particles or modified gag-pol coding sequences suitable
for the production of integration-deficient vector particles, wherein said gag-po/
sequences are from the same lentivirus sub-family as the DNA flap element, wherein
said lentiviral gag-pol or modified gag-pol sequence is under the control of regulating

expression sequences.

The stable cell lines expressing the vector particles of the invention are in particular

obtained by transfection of the plasmids.

The polynucleotide encodes the fusion polypeptide according to the invention, which
comprises comprises a first polypeptide comprising (i) an MHC-lI-associated light
invariant chain (li) or (ii) the transmembrane domain of the transferrin receptor (TfR),
and one or more antigenic polypeptide(s) of a pathogen, according to any embodiment

disclosed in the present specification.

Accordingly, the vector plasmid may comprise one or several expression cassettes for
the expression of the various antigenic polypeptides or may comprise bi-cistronic or
multi-cistronic expression cassettes where the polynucleotides encoding the fusion
polypeptide comprising the antigenic polypeptide(s) and optionally additional various
polypeptides are separated by an IRES sequence of viral origin (Internal Ribosome

Entry Site), or it may encode fusion protein(s).

The internal promoter contained in the vector genome and controlling the expression
of the polynucleotide encoding an antigenic polypeptide of the pathogen (as a
transgene or in an expression cassette) may be selected from the promoters of the
following genes: MHC Class | promoters, such as human p2-microglobulin promoter
(B2M promoter), the SP1-B2m promoter, or EF1a, human PGK, PPI (preproinsulin),
thiodextrin, HLA DR invariant chain (P33), HLA DR alpha chain, Ferritin L chain or
Ferritin H chain, Chymosin beta 4, Chimosin beta 10, or Cystatin Ribosomal Protein
L41 CMVie or chimeric promoters such as GAG(CMV early enhancer / chicken §3 actin)
disclosed in Jones S. et al (2009) or BCUAG.

A promoter among the above-cited internal promoters may also be selected for the

expression of the envelope protein(s) and packaging (gag-po/ derived) proteins.

The following particular embodiments may be carried out when preparing the lentiviral

vector based on human lentivirus, and especially based on HIV-1 virus.



10

15

20

25

30

WO 2022/189656 27 PCT/EP2022/056390

According to the invention, the genome of the lentiviral vector is derived from a human
lentivirus, especially from the HIV lentivirus. In particular, the pseudotyped lentiviral
vector is an HIV-based vector, such as an HIV-1, or HIV-2 based vector, in particular
is derived from HIV-1M, for example from the BRU or LAl isolates. Alternatively, the
lentiviral vector providing the necessary sequences for the vector genome may be
originating from lentiviruses such as EIAV, CAEV, VISNA, FIV, BIV, SIV, HIV-2, HIV-

O which are capable of transducing mammalian cells.

As stated above, when considering it apart from the recombinant polynucleotide that it
finally contains, the vector genome is a replacement vector in which the nucleic acid
between the 2 long terminal repeats (LTRSs) in the original lentivirus genome has been
restricted to cis-acting sequences for DNA or RNA synthesis and processing, including
for the efficient delivery of the transgene to the nuclear of cells in the host, or at least
is deleted or mutated for essential nucleic acid segments that would enable the
expression of lentiviral structure proteins including biological functional GAG

polyprotein and possibly POL and ENV proteins.

In a particular embodiment, the 5 LTR and 3’ LTR sequences of the lentivirus are used
in the vector genome, but the 3’ LTR at least is modified with respect to the 3’ LTR of
the original lentivirus at least in the U3 region which for example can be deleted or
partially deleted for the enhancer (delta U3). The 5 LTR may also be modified,
especially in its promoter region where for example a Tat-independent promoter may

be substituted for the U3 endogenous promoter.

In a particular embodiment the vector genome comprises one or several of the coding
sequences for Vif-, Vpr, Vpu- and Nef-accessory genes (for HIV-1 lentiviral vectors).
Alternatively, these sequences can be deleted independently or each other or can be
non-functional (second-generation lentiviral vector).

The vector genome of the lentiviral vector particles comprises, as an inserted cis-acting
fragment, at least one polynucleotide consisting in the DNA flap element or containing
such DNA flap element. In a particular embodiment, the DNA flap is inserted upstream
of the polynucleotide encoding the fusion polypeptide of the invention carrying the
antigenic polypeptide(s) and is advantageously - although not necessarily - located in
an approximate central position in the vector genome. A DNA flap suitable for the

invention may be obtained from a retrovirus, especially from a lentivirus, in particular a
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human lentivirus especially a HIV-1 retrovirus, or from a retrovirus-like organism such
as retrotransposon. It may be alternatively obtained from the CAEV (Caprine Arthritis
Encephalitis Virus) virus, the EIAV (Equine Infectious Anaemia Virus) virus, the VISNA
virus, the SIV (Simian Immunodeficiency Virus) virus or the FIV (Feline
Immunodeficiency Virus) virus. The DNA flap may be either prepared synthetically
(chemical synthesis) or by amplification of the DNA providing the DNA Flap from the
appropriate source as defined above such as by Polymerase chain reaction (PCR). In
a more preferred embodiment, the DNA flap is obtained from an HIV retrovirus, for

example HIV-1 or HIV-2 virus including any isolate of these two types.

The DNA flap (also designated cPPT/CTS) (defined in Zennou V. et al. ref 27, 2000,
Cell vol 101, 173-185 or in WO 99/55892 and WO 01/27304), is a structure which is
central in the genome of some lentiviruses especially in HIV, where it gives rise to a 3-
stranded DNA structure normally synthesized during especially HIV reverse
transcription and which acts as a cis-determinant of HIV genome nuclear import. The
DNA flap enables a central strand displacement event controlled in cis by the central
polypurine tract (cPPT) and the central termination sequence (CTS) during reverse
transcription. When inserted in lentiviral-derived vectors, the polynucleotide enabling
the DNA flap to be produced during reverse-transcription, stimulates gene transfer
efficiency and complements the level of nuclear import to wild-type levels (Zennou et
al., Cell, 2000 Cell vol 101, 173-185 or in WO 99/55892 and WO 01/27304).

Sequences of DNA flaps have been disclosed in the prior art, especially in the above
cited patent applications. These sequences are also disclosed in the sequence of the
pTRIP vector herein described. They are preferably inserted as a fragment, optionally
with additional flanking sequences, in the vector genome, in a position which is
preferably near the centre of said vector genome. Alternatively, they may be inserted
immediately upstream from the promoter controlling the expression of the
polynucleotide(s) encoding the fusion polypeptide of the invention. Said fragments
comprising the DNA flap, inserted in the vector genome may have a sequence of about

80 to about 200 bp, depending on its origin and preparation.

According to a particular embodiment, a DNA flap has a nucleotide sequence of about
90 to about 140 nucleotides.
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In HIV-1, the DNA flap is a stable 99-nucleotide-long plus strand overlap. When used
in the genome vector of the lentiviral vector of the invention, it may be inserted as a
longer sequence, especially when it is prepared as a PCR fragment. A particular
appropriate polynucleotide comprising the structure providing the DNA flap is a 124-
base pair polymerase chain reaction (PCR) fragment encompassing the cPPT and
CTS regions of the HIV-1 DNA.

It is specified that the DNA flap used in the genome vector and the polynucleotides of
the encapsidation plasmid encoding the GAG and POL polyproteins should originate

from the same lentivirus sub-family or from the same retrovirus-like organism.

Preferably, the other cis-activating sequences of the genome vector also originate from

the same lentivirus or retrovirus-like organism, as the one providing the DNA flap.

The vector genome may further comprise one or several unique restriction site(s) for

cloning the recombinant polynucleotide.

In a preferred embodiment, in said vector genome, the 3’ LTR sequence of the lentiviral
vector genome is devoid of at least the activator (enhancer) and possibly the promoter
of the U3 region. In another particular embodiment, the 3’ LTR region is devoid of the
U3 region (delta U3). In this respect, reference is made to the description in WO
01/27300 and WO 01/27304.

In a particular embodiment, in the vector genome, the U3 region of the LTR 5 is
replaced by a non lentiviral U3 or by a promoter suitable to drive tat-independent
primary transcription. In such a case, the vector is independent of tat transactivator

(third generation vector).

The vector genome also comprises the psi () packaging signal. The packaging signal
is derived from the N-terminal fragment of the gag ORF. In a particular embodiment,
its sequence could be modified by frameshift mutation(s) in order to prevent any
interference of a possible transcription/translation of gag peptide, with that of the

transgene.

The vector genome may optionally also comprise elements selected among a splice

donor site (SD), a splice acceptor site (SA) and/or a Rev-responsive element (RRE).

According to a particular embodiment, the vector plasmid (or added genome vector)

comprises the following cis-acting sequences for a transgenic expression cassette:
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. The LTR sequence (Long-Terminal Repeat), required for reverse transcription, the

sequences required for transcription and including optionally sequences for viral DNA
integration. The 3’ LTR is deleted in the U3 region at least for the promoter to provide
SIN vectors (Self-inactivating), without perturbing the functions necessary for gene
transfer, for two major reasons: first, to avoid trans-activation of a host gene, once the
DNA is integrated in the genome and secondly to allow self-inactivation of the viral cis-
sequences after retrotranscription. Optionally, the tat-dependent U3 sequence from
the 5’-LTR which drives transcription of the genome is replaced by a non endogenous
promoter sequence. Thus, in target cells only sequences from the internal promoter

will be transcribed (transgene).
The v region, necessary for viral RNA encapsidation.

The RRE sequence (REV Responsive Element) allowing export of viral messenger

RNA from the nucleus to the cytosol after binding of the Rev protein.
The DNA flap element (cPPT/CTS) to facilitate nuclear import.

Optionally post-transcriptional regulatory elements, especially elements that improve
the expression of fusion polypeptide and/or antigenic polypeptide in dendritic cells,
such as the WPRE cis-active sequence (Woodchuck hepatitis B virus Post-Responsive
Element) also added to optimize stability of mMRNA (Zufferey et al., 1999), the matrix or
scaffold attachment regions (SAR and MAR sequences) such as those of the
immunoglobulin-kappa gene (Park F. et al Mol Ther 2001; 4. 164-173).

The lentiviral vector of the invention is non replicative (replication-incompetent) i.e., the
vector and lentiviral vector genome are regarded as suitable to alleviate concerns
regarding replication competent lentiviruses and especially are not able to form new
particles budding from the infected host cell after administration. This may be achieved
in well-known ways as the result of the absence in the lentiviral genome of the gag, po/
or env genes, or their absence as “functional genes”. The gag and po/ genes are thus,
only provided in frans. This can also be achieved by deleting other viral coding

sequence(s) and/or cis-acting genetic elements needed for particles formation.

By “functional’ it is meant a gene that is correctly transcribed, and/or correctly
expressed. Thus, if present in the lentiviral vector genome of the invention in this
embodiment contains sequences of the gag, pol, or env are individually either not

transcribed or incompletely transcribed; the expression “incompletely transcribed”
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refers to the alteration in the transcripts gag, gag-pro or gag-pro-pol, one of these or
several of these being not transcribed. Other sequences involved in lentiviral
replication may also be mutated in the vector genome, in order to achieve this status.
The absence of replication of the lentiviral vector should be distinguished from the
replication of the lentiviral genome. Indeed, as described before, the lentiviral genome
may contain an origin of replication ensuring the replication of the lentiviral vector

genome without ensuring necessarily the replication of the vector particles.

In order to obtain lentiviral vectors according to the invention, the vector genome (as a
vector plasmid) must be encapsidated in particles or pseudo-particles. Accordingly,
lentiviral proteins, except the envelope proteins, have to be provided in frans to the
vector genome in the producing system, especially in producing cells, together with the
vector genome, having recourse to at least one encapsidation plasmid carrying the gag
gene and either the pol lentiviral gene or an integrative-incompetent pol/ gene, and
preferably lacking some or all of the coding sequences for Vif-, Vpr, Vpu- and Nef-

accessory genes and optionally lacking Tat (for HIV-1 lentiviral vectors).

A further plasmid is used, which carries a polynucleotide encoding the envelope

pseudotyping protein(s) selected for pseudotyping lentiviral vector particles.

In a preferred embodiment, the packaging plasmid encodes only the lentiviral proteins
essential for viral particle synthesis. Accessory genes whose presence in the plasmid
could raise safety concerns are accordingly removed. Accordingly, viral proteins
brought in frans for packaging are respectively as illustrated for those originating from
HIV-1:

. GAG proteins for building of the matrix (MA, with apparent Molecular Weight p17), the

capsid (CA, p24) and nucleocapsid (NC, p6).
POL encoded enzymes: integrase, protease and reverse transcriptase.

TAT and REV regulatory proteins, when TAT is necessary for the initiation of LTR-
mediated transcription; TAT expression may be omitted if the U3 region of 5’LTR is
substituted for a promoter driving tat-independent transcription. REV may be modified
and accordingly used for example in a recombinant protein which would enable
recognition of a domain replacing the RRE sequence in the vector genome, or used as
a fragment enabling binding to the RRE sequence through its RBD (RNA Binding

Domain).
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In order to avoid any packaging of the mRNA generated from the genes contained in
the packaging plasmid in the viral particles, the y region is removed from the packaging
plasmid. A heterologous promoter is inserted in the plasmid to avoid recombination
issues and a poly-A tail is added 3 from the sequences encoding the proteins.

Appropriate promoters have been disclosed above.

The envelope plasmid encodes the envelope protein(s) for pseudotyping which are

disclosed herein, under the control of an internal promoter, as disclosed herein.

Any or all the described plasmids for the preparation of the lentiviral vector particles of
the invention may be codon optimized (CO) in the segment encoding proteins. Codon
optimization according to the invention is preferably performed to improve translation
of the coding sequences contained in the plasmids, in mammalian cells, murine or
especially human cells. According to the invention, codon optimization is especially
suited to directly or indirectly improve the preparation of the vector particles or to
improve their uptake by the cells of the host to whom they are administered, or to
improve the efficiency of the transfer of the polynucleotide encoding the fusion
polypeptide comprising the antigenic polypeptide (transgene) in the genome of the
transduced cells of the host. Methods for optimizing codons are well known in the art
and codon optimization is especially performed using available programs to that effect.

Codon optimization is illustrated for the coding sequences used in the examples.

In a particular embodiment of the invention, the pseudotyped lentiviral vector is also,
or alternatively, integrative-competent, thus enabling the integration of the vector
genome and of the recombinant polynucleotide which it contains into the genome of

the transduced cells or in the cells of the host to whom it has been administered.

In another particular embodiment of the invention, the pseudotyped lentiviral vector is
also, or alternatively, integrative-incompetent. In such a case, the vector genome and
thus the recombinant polynucleotide which it contains do not integrate into the genome

of the transduced cells or in the cells of the host to whom it has been administered.

The recombinant lentiviral vector particle of the invention may thus be a recombinant
integration-deficient lentiviral vector particle, in particular wherein the recombinant
integration-deficient lentiviral vector particle is a HIV-1 based vector particle and is
integrase deficient as a result of a mutation of the integrase gene encoded in the

genome of the lentivirus in such a way that the integrase is not expressed or not
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functionally expressed, in particular the mutation in the integrase gene leads to the
expression of an integrase substituted on its amino acid residue 64, in particular the

substitution is D64V in the catalytic domain of the HIV-1 integrase encoded by Pol.

The present invention relates to the use of a lentiviral vector wherein the expressed
integrase protein is defective and which further comprises a polynucleotide especially
encoding the fusion polypeptide of the invention, in particular comprising at least one
antigenic polypeptide carrying epitope(s) of a pathogen, in an immunogenic

composition.

By “integration-incompetent”, it is meant that the integrase, preferably of lentiviral
origin, is devoid of the capacity of integration of the lentiviral genome into the genome
of the host cells j.e., an integrase protein mutated to specifically alter its integrase

activity.

Integration-incompetent lentiviral vectors are obtained by modifying the po/ gene
encoding the Integrase, resulting in a mutated po/ gene encoding an integrative
deficient integrase, said modified po/ gene being contained in the encapsidation
plasmid. Such integration-incompetent lentiviral vectors have been described in patent
application WO 2006/010834. Accordingly, the integrase capacity of the protein is
altered whereas the correct expression from the encapsidation plasmid of the GAG,
PRO and POL proteins and/or the formation of the capsid and hence of the vector
particles, as well as other steps of the viral cycle, preceding or subsequent to the
integration step, such as the reverse transcription, the nuclear import, stay intact. An
integrase is said defective when the integration that it should enable is altered in a way
that an integration step takes place less than 1 over 1000, preferably less than 1 over
10000, when compared to a lentiviral vector containing a corresponding wild-type
integrase.

In a particular embodiment of the invention, the defective integrase results from a
mutation of class 1, preferably amino acid substitutions (one-amino acid substitution)
or short deletions fulfilling the requirements of the expression of a defective integrase.
The mutation is carried out within the po/ gene. These vectors may carry a defective
integrase with the mutation D64V in the catalytic domain of the enzyme, which
specifically blocks the DNA cleaving and joining reactions of the integration step. The

D64V mutation decreases integration of pseudotyped HIV-1 up to 1/10,000 of wild
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type, but keep their ability to transduce non dividing cells, allowing efficient transgene

expression.

Other mutations in the po/ gene which are suitable to affect the integrase capacity of
the integrase of HIV-1 are the following: H12N, H12C, H16C, H16V, S81 R, D41A,
K42A, H51A, Q53C, D55V, D64E, D64V, E6G9A, K71A, E85A, E87A, D116N, D116,
D116A, N120G, N120I, N120E, E152G, E152A, D-35-E, K156E, K156A, E157A,
K159E, K159A, K160A, R166A, D167A, E170A, H171A, K173A, K186Q, K186T,
K188T, E198A, R199C, R199T, R199A D202A, K211A, Q214L, Q216L, Q221 L,
W235F, W235E, K236S, K236A, K246A, G247W, D253A, R262A, R263A and K264H.

In a particular embodiment, mutation in the pol gene is performed at either of the
following positions D64, D116 or E152, or at several of these positions which are in the
catalytic site of the protein. Any substitution at these positions is suitable, including

those described above.

Another proposed substitution is the replacement of the amino acid residues RRK
(positions 262 to 264) by the amino acid residues AAH.

In a particular embodiment of the invention, when the lentiviral vector is integration-
incompetent, the lentiviral genome further comprises an origin of replication (ori),
whose sequence is dependent on the nature of cells where the lentiviral genome has
to be expressed. Said origin of replication may be from eukaryotic origin, preferably of
mammalian origin, most preferably of human origin. It may alternatively be of viral
origin, especially coming from circular episomic DNA,as in SV40 or RPS. It is an
advantageous embodiment of the invention to have an origin or replication inserted in
the lentiviral genome of the lentiviral vector of the invention. Indeed, when the lentiviral
genome does not integrate into the cell host genome (because of the defective
integrase), the lentiviral genome is lost in cells that undergo frequent cell divisions; this
is particularly the case in immune cells, such as B or T cells. The presence of an origin
of replication ensures that at least one lentiviral genome is present in each cell, even

after cell division, accordingly maximizing the efficiency of the immune response.

The lentiviral vector genome of said lentiviral vectors of the invention may especially
be derived from HIV-1 plasmid pTRIPAU3.CMV-GFP deposited at the CNCM (Institut
Pasteur, 25-28, rue du Docteur Roux, 75724 Paris Cedex 15, France) on October 11,
1999 under number 1-2330 (also described in W001/27300) or variants thereof. The
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lentiviral vector genome of said lentiviral vectors of the invention may especially be
derived from HIV-1 plasmid pFlap-SP1beta2m-GFP-WPREm deposited at the CNCM
(Institut Pasteur, 25-28, rue du Docteur Roux, 75724 Paris Cedex 15, France) on
February 16, 2021 under number CNCM |-5657 or variants thereof.

In one embodiment, the lentiviral vector genome is derived from the plasmid having
the sequence of SEQ ID No. 20, SEQ ID No. 25 or SEQ ID No. 26. In particular, the
lentiviral vector genome comprises a sequence having at least 70%, in particular 80%
or 90%, more particularly 95% or 99% sequence identity with SEQ ID No. 20, SEQ ID
No. 25 or SEQ ID No. 26.

When the vector genome is derived from these particular plasmids, a sequence of a
recombinant polynucleotide encoding the fusion polypeptide of the invention, in
particular comprising an antigenic polypeptide of a pathogen as disclosed in the
present application, is inserted therein, in addition or in replacement of the GFP coding
fragment in SEQ ID No. 20, the li-EsxH fragment of SEQ ID No. 25 or the TfR-EsxH
fragment of SEQ ID No. 26. The promoter, i.e. CMV or SP1-2m promoters may also
be substituted by another promoter, especially one of the promoters disclosed above,

especially in relation to the expression of the transgene.

The WPRE or WPREm sequences also contained in the particular pFlap
(pFLAPDeltaU3) and pTRIP vectors may optionally be deleted.

Vector particles may be produced after transfection of appropriate cells (such as
mammalian cells or human cells, such as Human Embryonic Kidney cells illustrated by
293 T cells) by said plasmids, or by other processes. In the cells used for the
expression of the lentiviral particles, all or some of the plasmids may be used to stably
express their coding polynucleotides, or to transiently or semi-stably express their

coding polynucleotides.

The concentration of particles produced can be determined by measuring the P24

(capsid protein for HIV-1) content of cell supernatants.

The lentiviral vector of the invention, once administered into the host, infects cells of
the host, possibly specific cells, depending on the envelope proteins it was
pseudotyped with. The infection leads to the release of the lentiviral vector genome
into the cytoplasm of the host cell where the retro-transcription takes place. Once under

a triplex form (via the DNA flap), the lentiviral vector genome is imported into the
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nucleus, where the polynucleotide(s) encoding polypeptide(s) of antigen(s) of the
pathogen is (are) expressed via the cellular machinery. When non-dividing cells are
transduced (such as DC), the expression may be stable. When dividing cells are
transduced, such as B cells, the expression is temporary in absence of origin of
replication in the lentiviral genome, because of nucleic acid dilution and cell division.
The expression may be longer by providing an origin of replication ensuring a proper
diffusion of the lentiviral vector genome into daughter cells after cell division. The
stability and/or expression may also be increased by insertion of MAR (Matrix
Associated Region) or SAR (Scaffold Associated Region) elements in the vector

genome.

Indeed, these SAR or MAR regions are AT-rich sequences and enable to anchor the
lentiviral genome to the matrix of the cell chromosome, thus regulating the transcription
of the polynucleotide encoding the fusion polypeptide of the invention comprising at
least one antigenic polypeptide, and particularly stimulating gene expression of the

transgene and improving chromatin accessibility.

If the lentiviral genome is non integrative, it does not integrate into the host cell
genome. Nevertheless, the at least one polypeptide encoded by the transgene is
sufficiently expressed and longer enough to be processed, associated with MHC
molecules and finally directed towards the cell surface. Depending on the nature of the
polynucleotide(s) encoding antigenic polypeptide(s) of a pathogen, the at least one
polypeptide epitope associated with the MHC molecule triggers a cellular immune

response.

Unless otherwise stated, or unless technically not relevant, the characteristics
disclosed in the present application with respect to any of the various features,
embodiments or examples of the structure or use of the lentiviral particles, especially
regarding their envelope protein(s), or the recombinant polynucleotide, may be

combined according to any possible combinations.

The invention further relates to a combination of compounds for separate

administration to a mammalian host, which comprises at least:

(i) lentiviral vector particles of the invention which are pseudotyped with a first

determined heterologous viral envelope pseudotyping protein or viral envelope
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pseudotyping proteins; such first pseudotyping protein may be from the New-Jersey
strain of VSV;

(ii) provided separately from lentiviral vector particles in (i), lentiviral vector particles of
the invention which are pseudotyped with a second determined heterologous viral
envelope pseudotyping protein or viral envelope pseudotyping proteins distinct from
said first heterologous viral envelope pseudotyping protein(s); such second

pseudotyping protein may be from the Indiana strain of VSV.

In another embodiment of the invention, possibly in combination with the above
disclosed alternative forms of the nucleic acid, the polynucleotide encoding the fusion
polypeptide of the invention, comprising at least one antigenic polypeptide is
structurally modified and/or chemically modified. lllustrative thereof a polynucleotide
comprises a Kozak consensus sequence in its 5’ region. Other nucleic acid sequences
that are not of lentiviral origin may be present in the vector genome are IRES
sequence(s) (Internal Ribosome entry site) suitable to initiate polypeptide synthesis,
WPRE sequence or modified WPRE sequence as post-transcriptional regulatory

element to stabilize the produced RNA.

According to another embodiment of the invention, if multiple heterologous
polypeptides are encoded by one vector genome, the coding sequences may
optionally be separated by a linker moiety which is either a nucleic acid-based molecule
or a non-nucleic acid-based molecule. Such a molecule may be a functionalized linker
molecule aimed at recognizing a 3’ functionalized nucleic acid to which it shall be
linked. A sequence suitable to function as a linker may alternatively be a nucleic acid

which encodes a self-cleaving peptide, such as a 2A peptide.

Further features and properties of the present invention, including features to be used
in the embodiments described above will be described in the examples and figures

which follow and may accordingly be used to characterise the invention.

SEQUENCE LISTING

SEQ ID No. 1: li-HAEP amino acid sequence
SEQ ID No. 2: li-HAEP DNA sequence

SEQ ID No. 3: li-HAEPA amino acid sequence
SEQ ID No. 4: li-HAEPA DNA sequence
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SEQ ID No. 5: li-EsxH amino acid sequence

SEQ ID No. 6: li-EsxH DNA sequence

SEQ ID No. 7: TfR1.11s-EsxH amino acid sequence

SEQ ID No. 8: TfR1.11s-EsxH DNA sequence

SEQ ID No. 9: SP-EsxH-MITD amino acid sequence

SEQ ID No. 10: SP-EsxH-MITD DNA sequence

SEQ ID No. 11: human invariant chain (li) amino acid sequence

SEQ ID No. 12: human invariant chain (li) DNA sequence

SEQ ID No. 13: transmembrane domain of the human transferrin receptor, amino acid
sequence

SEQ ID No. 14: transmembrane domain of the human transferrin receptor, DNA
sequence

SEQ ID No. 15: EsxHazo.28 epitope amino acid sequence

SEQ ID No. 16: EsxHq4-ss epitope amino acid sequence

SEQ ID No. 17: EsxAi-20 epitope amino acid sequence

SEQ ID No. 18: PE-191.1s epitope amino acid sequence

SEQ ID No. 19: Ag85A241.-260 epitope amino acid sequence

SEQ ID No. 20: plasmid pFlap-SP1beta2m-GFP-WPREm (SP1beta2m promoter, GFP
transgene and WPREmM) DNA sequence

SEQ ID No. 21: SP1-human 32-microglobulin promoter

SEQ ID No. 22: BCUAG promoter

SEQ ID No. 23: mutant WPRE

SEQ ID No. 24: humanized li-antigen amino acid sequence (human li-EsxH)

SEQ ID No. 25: recombinant pFLAP with fusion sequence of humanized li-EsxH
antigen nucleotide sequence (B2-microglobulin Promoter)

SEQ ID No. 26: recombinant pFLAP with fusion sequence of humanized TfR-EsxH
antigen nucleotide sequence (B2-microglobulin Promoter)

SEQ ID No. 27: GGGD linker

SEQ ID No. 28: NNGG linker
SEQ ID No. 29: NNDD linker

SEQ ID No. 30: Nucleotide sequence of Green Fluorescent Protein (GFP) gene (codon

optimized)
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SEQ ID No. 31: Amino-acid sequence of Green Fluorescent Protein (GFP) gene

LEGENDS OF THE FIGURES

Figure 1. Intra-phagocyte quantitation of Ag85A/B and EsxA secretion by
Beijing or non-Beijing Mtb clinical isolates. (A-B) Bone-marrow-derived DC (H-2P)
were infected with various CFU/m| of each Mtb strain from a set of non-Beijing or
Beijing clinical isolates, numbered as indicated in Table S1. After overnight incubation,
MHC-Il-restricted T-cell hybridomas specific to Ag85A/B (DE10) (A) or EsxA (NB11)
(B) were added and the concentration of IL-2 produced by T-cell hybridomas,
proportional to the amounts of Mtb antigens secreted inside the DC phagosomes, was
determined by ELISA, after 24h incubation. (C) Intra-phagocyte amounts of Ag85A/B

or EsxA secretion, as determined in DC infected with 4 x 10% CFU/ml.

Figure 2. Tailoring LV to direct antigens towards MHC-ll processing pathway.
(A) Failure of CD4" T-cell induction by conventional LV. Cytometric analysis of
splenocytes from C57BL/6 mice immunized with a conventional LV encoding for the
fusion of EsxA-Ag85A-EspC-EsxH-PE19 Mtb immunogens. Shown are CD4* and
CD8* T-splenocyte IFN-y responses subsequent to in vitro stimulation with EspC:45-
54 peptide, which contains both MHC-I and -ll-restricted epitopes in H-2P, or a negative
control peptide. (B) Scheme of full length EsxH protein, with sequences potentially
facilitating its routing through the MHC-Il pathway added at its N- or C-ter extremity.
(C) Presentation of MHC-I- or -ll-restricted EsxH epitopes by DC (H-29), transduced
with 1 x 108 TU/ml of LV encoding EsxH alone, li-EsxH, TfR-EsxH or SP-EsxH-MITD,
and co-cultured at day 3 post-transduction with T-cell hybridomas specific to EsxH:20-
28 and restricted by K9 (YB8) (top) or specific to EsxH:74-88 and restricted by I-A?
(1H2) (bottom). Results are Mean + SD of concentrations of IL-2, produced by T-cell

hybridomas after overnight co-culture.

Figure 3. Induction of systemic or mucosal CD4* and CD8* T-cell responses
by the optimized LV. BALB/c (H-29) mice (n = 3/group) were immunized s.c. with 5 x
107 TU of LV::li-EsxH alone (1) or adjuvanted with polyl:C (2) or cGAMP (3). At 11 dpi,
EsxH-specific Th1 cytokine responses of splenocytes were analyzed by ICS in

individual mice. (A) Gating strategy carried out on cytokine producing CD4* or CD8* T
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cells. (B-C) Recapitulative frequencies of each (multi)functional population within the
CD4* (B) or CD8*(C) T subset. (D-E) BALB/c mice (n = 3/group) were immunized i.n.
with 5 x 107 TU of LV::li-EsxH alone or adjuvanted with polyl:C or cGAMP. At 13 dpi,
EsxH-specific lung CD4* or CD8* T-cell responses were analyzed by co-culture of
lymphocytes enriched from the lungs with homologous DC loaded with EsxH:74-88
(MHC-II) (D) or with EsxH:20-28 (MHC-I) (E). IL-2, IL-17A or IFN-y contents in the co-

culture supernatants were quantitated by ELISA.

Figure 4. Characterization of mucosal CD4* or CD8* T-cell responses induced
by the optimized LV. BALB/c (H-29) mice (n = 3/group) were immunized i.n. with 5 x
107 TU of LV::li-EsxH alone or adjuvanted with polyl:C or cGAMP. At 13 dpi, lung CD4*
(A) or CD8* (E) T cells were discriminated for their location inside the interstitium
(CD45;v) or in the vasculature (CD45;,") by an i.v. injection of PE-anti-CD45 mAb, 3
min before sacrifice. (B, F) Profile of CD27 versus CD62L expression or (C, D, G, H)
cytokine production, as detected by ICS in lung CD4* or CD8" T cells of the lung
interstitium or vasculature. Results, representative of 2-3 independent experiments,
were from lungs pooled per experimental groups to reach cell numbers high enough

for accurate cytometric analyses.

Figure 5. Characterization of mucosal innate immunity induced by LV i.n.
administration. (A) Cytometric gating strategy used on total lung cells to analyze
various mucosal innate immune cell populations. Shown are cells from PBS-injected
negative controls. (B) Percentages of each innate immune subset versus total lung
CDA45* cells in C57BL/6 mice injected i.n. with PBS, LV alone, or cGAMP-adjuvanted
LV, as determined at 2 dpi. Results are from 3 individual mice/group. ns = not

significant, as determined by One-tailed Mann Whitney test.

Figure 6. Potential of the poly-antigenic LV::li-HAEP at inducing CD4* and
CD8* T cells. (A) Presentation of MHC-I- or -II- restricted epitopes by H-29 or H-2° DC
transduced with LV::li-HAEP or LV::TB as a negative control and co-cultured at day 3
post-transduction with T-cell hybridomas specific to EsxH:20-28, restricted by K¢
(YB8), EsxH:74-88, restricted by I-A? (1G1), EsxA:1-20 (NB11) or to PE19:1-18 (IFB),
restricted by |-AP. (B-D) C57BL/6 (H-2P) mice were immunized s.c. with 5 x 108 TU of
LV::li-HAEP or injected with PBS. At 11 dpi, the antigen-specific cytokine responses of
splenocytes, determined as SFU (Spot Forming Unit) by ELISPOT (B) or ICS (C-D) in

individual mice. (C-D) Shown are recapitulative frequencies of each (multi)functional



10

15

20

25

WO 2022/189656 41 PCT/EP2022/056390

population within the CD4* (C) or CD8* (D) T subsets, after removing the background

signal observed with an irrelevant negative control peptide for each mouse.

Figure 7. Features of mucosal T-cell responses induced by LV::li-HAEP.
C57BL/6 (H-2P) mice were immunized i.n. with 5 x 108 TU of LV::li-HAEP, adjuvanted
with cGAMP (n = 7) or instilled with PBS (n = 3). At 13 dpi, following an i.v. injection of
PE-anti-CD45 mAb, 3 min before sacrifice, CD4* (A) or CD8* (B) lung T-cell responses
were analyzed by ICS after co-culture with homologous DC loaded with EsxA:1-20
(MHC-II), PE19:1-18 (MHC-II), EspC:40-54 (MHC-I, and -II), EsxH:20-28 (MHC-I) or
an irrelevant negative control peptide. Shown are recapitulative absolute numbers of
each (multi)functional population within the CD4* (A) or CD8* (B) T subsets located
inside the interstitium (CD45;,) or in the vasculature (CD45;,*). (C, D) Phenotyping of
interstitial (CD45;,) CD4* (C) or CD8* (D). Results were generated with cells pooled

from the lungs per group to reach enough number for cytometric analyses.

Figure 8. Protective potential of an optimized poly-antigenic LV as a booster
in TB vaccination. (A) MHC-ll-restricted presentation of Ag85A, in parallel to EsxA,
as detected on DC (H-2°) transduced with LV::li-HAEPA or LV::TB as a negative
control and co-cultured at day 3 post-transduction with Ag85A- or EsxA-specific T-cell
hybridomas harboring the gene encoding ZsGreen reporter under the control of IL-2
promoter. (B) Timeline of prime with BCG::ESX-1Mmar 'hoost with cGAMP-adjuvanted
LV::li-HAEPA and challenge with Mtb H37Rv strain, performed in C57BL/6 mice (n =
5-9/group). (C) Mycobacterial loads determined by CFU counting in the lungs and
spleen of individual mice at week 5 post challenge. ns = not significant, * (p = 0.0415),
** (p = 0.0040) *** (p = 0.00105), statistically significant, as determined by One-tailed
Mann Whitney test. (D) Representative lung hematoxylin and eosin histopathological
results. Analysis was performed on the left lung lobes of unvaccinated (left),
BCG::ESX-1Mmar_yaccinated (middle) or BCG:ESX-1Mmaprimed and cGAMP-
adjuvanted LV::li-HAEPA-boosted (right) C57BL/6 mice, at week 5 post Mtb

challenge..

Figure 9. Weak capacity of LV at inducing DC maturation. Bone-marrow-derived
DC from C57BL/6 mice were left untreated (negative control), treated with Mtb at MOI
= 3 (positive control), or LV at the high MOI of 50. (A-C) Maturation of CD11¢*CD11b*
cells (A), as monitored by flow cytometry after overnight incubation for the expression
of CD40, CD80, CD86, MHC-I and MHC-II surface molecules (B). (C) MFI or
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percentage of bright (hi) cells. Results are representative of two independent

experiments.

Figure 10. Non-dependence of LV-mediated CD8" T-cell induction on IFNAR
signaling in DC. (A) Verification of the IFNAR1 deficiency in DC of the KO mice by
assessing the IFNAR1 surface expression by bone-marrow DC derived from
hematopoietic stem cells of ifnar™/"* pCD11¢c-Cre” (WT) or ifnar™/x pCD11c-Cre*
(KO) mice. (B-G) Mice, either ifnar®"™x pCD11c-Cre (WT) or ifnar™x pCD11c-Cre*
(KO), were immunized i.m. with 5 x 107 TU of LV::OVA (B-C) or LV::li-EsxH (D-G). At
11 dpi, antigen-specific CD8* T splenocytes were assessed through tetramer staining,
ELISPOT or ICS analysis. (B) Percentages of cells stained positively with “OVA
tetramer”, as compared to total CD3* CD8* T splenocytes. (C) Numbers of splenocytes
secreting IFN-y after ex vivo stimulation with OVA:257-264, as detected by ELISPOT.
(D) Numbers of splenocytes secreting IFN-y or TNF-a, after ex vivo stimulation with
EsxH:3-11 or a negative ctrl peptide or, as detected by ELISPOT (SFU = Spot Forming
Unit). (E) Degranulation activity of the IFN-y-producing CD8* T cells, as evaluated by
the surface CD107a staining. (F) Gating strategy used in ICS analysis performed on
CD8* T splenocytes. (G) Recapitulative frequencies of various (poly)functional EsxH:3-

11-specific CD8* T-cell effectors.

Figure 11. Non-dependence of LV-mediated CD4* T-cell induction on IFNAR
Signaling in DC. /fnar™"* pCD11c-Cre” (WT) and ifnar™/"x pCD11c-Cre* (KO) mice
were immunized s.c. with 5 x 108 TU of LV::li-HAEP. At 11 dpi, antigen-specific CD4*
T-cell responses were assessed through ICS. Shown are recapitulative frequencies of
(poly)functional CD4* T splenocytes, specific to EsxA or PE19, as detected after
stimulation with EsxA:1-20 or PE19:1-18 peptides.

Figure 12. Comparison of the immunogenicity of LV::li-HAEP injected via i.m.
or s.c. systemic routes. C57BL/6 mice were immunized i.m. or s.c. with 5 x 108 TU
of LV:li-HAEP. At 14 dpi, antigen-specific, IFN-y or TNF-a T cell responses were
assessed by ELISPOT.

Figure 13. Maps of plasmids encoding EsxH variants or poly-antigenic fusion
proteins. The codon-optimized cDNA sequences, encoding EsxH variants or poly-
antigenic fusion proteins of vaccine interest (Table S3), were inserted under the SP1-

32m promoter in a pFLAP backbone plasmid.

RECTIFIED SHEET (RULE 91) ISA/EP
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Figure 14. Map of the pFLAP backbone plasmid containing GFP. The sequence
of a GFP transgene was inserted under the SP1-f2m promoter, with a WPREm

sequence

Figure 15. Maps of plasmids for human immunization. The codon-optimized
cDNA sequences, encoding EsxH variants, were inserted under the SP1-82m
promoter in a pFLAP backbone plasmid. Panel A: the EsxH antigen is fused with

human li. Panel B: the EsxH antigen is fused with hTfR.
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EXAMPLES

Introduction

According to the World Health Organization, Mycobacterium tuberculosis (Mtb)
causes more than 8 million new cases of pulmonary tuberculosis (TB) each year, and
remains one of the top ten causes of death and the first cause of mortality due to an
infectious pathogen worldwide. Of the estimated 1.7 billion asymptomatic people
latently infected with Mtb, 5 to 15% will evolve toward active TB. The risk of developing
the disease is higher in individuals co-infected with HIV or affected by under-nutrition,
diabetes, smoking or alcoholism (1). The only current TB vaccine is the widely
administrated Mycobacterium bovis Bacillus Calmette-Guérin (BCG), given early after
birth is particularly effective at inducing Th1-biased responses in infants. Although
BCG is effective in protecting children against pulmonary and disseminated forms, it
has a limited impact on adolescent and adult pulmonary TB and reactivation of latent
TB and thus cannot prevent global bacillary spread (2). Therefore, there is an urgent
need for new immunization strategies: (i) effective as pre-exposure vaccines, (ii) able
to decrease the risk of primary Mtb infection, (iii) preventive against latent TB

progression to active disease, or (iv) usable in TB immune-therapy.

Even though the immune correlates of TB protection are poorly understood, it is well
established that protective immunity against the intracellular pathogen Mtb is mainly
dependent on cell-mediated immunity. The contribution of appropriate innate and T
cell-mediated immunity, notably IFN-y/TNF-a-producing CD4* Th1 cells, and at a
lesser extent CD8* T cells, is instrumental in anti-mycobacterial host defense, even not
sufficient to reach full protection (3, 4). Since 1921, four billion people have been
vaccinated by BCG and numerous improved live-attenuated vaccine candidates are in
development (5). The immunity conferred by BCG is of variable duration, but
admittedly limited to ~10 years. Homologous boosting with live-attenuated vaccines
and repeated administration of mycobacteria may cause adverse necrotic
inflammation, namely the “Koch phenomenon”, characterized by strong expression of
IL-6, IL-17, TNF-a. and CXCL2, and massive recruitment of neutrophils (8). In this

context, heterogeneous prime-boost regimen, relying on priming with improved live-
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attenuated vaccines followed by boosting with subunit vaccines, is an attractive
approach to synergistically enhance the Mtb-specific protective immunity (7).WWe have
previously elaborated a promising live-attenuated TB vaccine candidate based on BCG
Pasteur strain stably complemented with the esx-1 genomic region of a fish pathogen
phylogenetically related to Mtb, i.e., Mycobacterium marinum (BCG::ESX-1Mmar) (8).
Compared to BCG, this strain shows largely improved protective potential against TB
in animal models, which is consistent with its known properties. In fact, this strain
displays an enlarged antigenic repertoire, capacity to trigger the cGAS (cyclic GMP-
AMP Synthase)/STING (STimulator of INterferon Genes)/IRF3 (Interferon Regulatory
Factor 3)/IFN-I (type-l IFN) axis, and to reinforce the NLRP3 (NOD-Like Receptor
family Protein 3) and the cytosolic DNA sensor, AIM-2 (Absent In Melanoma-2)
inflammasome pathways, while displaying attenuated virulence (8, 9). In the murine
TB model, BCG::ESX-1Mmar yaccination reduces mycobacterial loads better than the
parental BCG, but does not yet lead to sterilizing immunity, leaving the possibility to

evaluate the protective potential of booster vaccines.

The use of recombinant viral vaccine vectors, expressing potent Mtb antigens, may
result in a synergistic enhancement of anti-mycobacterial immunity in individuals
primed with live-attenuated vaccine candidates. This can be achieved by increasing
the frequencies of antigen-specific T cells, improving T-cell avidity, as well as
enhancing the CD8*" T-cell responses that are not efficaciously induced by
mycobacteria in general. Replication-defective, Lentiviral Vectors (LV) are powerful
delivery systems and attractive immunization tools, based on their: (i) low genotoxic
potential, (ii) capacity to accept up to 8kb inserts, (iii) strong ability to transduce in vivo
both replicating and non-dividing cells, (iv) persistent antigen expression, and (v)
advantage of not being the target of preexisting anti-vector immunity in the human
populations (10-15). However, one limitation of LV is their inability to target antigens to
the Major Histocompatibility Complex class Il (MHC-II) pathway to trigger CD4* T cells,
which are considered so far as the best correlates of protection against TB and multiple

other diseases.

Here, we describe a new generation of LV, with the capacity to route immunogens
toward the MHC-II machinery, created by adding of the MHC-II light invariant chain (li)
at the N-ter part of the antigen(s) encoded by the vector. This approach and
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immunization strategies via the systemic or mucosal route, allowed proper
implementation of antigen trafficking to the MHC-II machinery, thereby inducing in
addition to CD8* T cells, appropriate CD4* T cells, that we thoroughly characterized for
their phenotype, functions and pulmonary localization. We further report the significant
protective potential of a selected optimized LV, encoding five potent Mtb antigens,
used as a booster, administered via systemic and intranasal (i.n.) routes into
BCG::ESX-1Mmar_primed mice.



10

15

20

25

30

WO 2022/189656 47 PCT/EP2022/056390

Results

Rational selection of Mtb immunogens

Since the T-cell targets of Mtb are predominantly secreted proteins (16, 17), to
develop a poly-antigenic LV-based vaccine, we selected the following virulence-related
factors: (i) EsxA (Rv3875), (ii) ESX-1 secretion-associated proteins (Esp)C (Rv3615c),
both secreted via ESX-1 Type VIl Secretion System (T7SS), (ii) EsxH (Rv0288,
TB10.4), secreted via ESX-3 T7SS, (iv) PE19 (Rv1791), secreted via ESX-5T7SS (18-
21), and (v) Ag85A (Rv3804c) from the mycolyl transferase Ag85 complex, secreted
via the Tat system (17, 22). Concerning the latter, we had previously observed that
some Beijing clinical isolates expressed only minute amounts of Ag85A/B, which called
into question the pertinence of the inclusion of these antigens in vaccine candidates
(23). Here, to re-evaluate this assumption, we comparatively quantitated the intra-
phagocyte secretion of Ag85A/B (Fig 1A) versus EsxA (Fig 1B) inside Dendritic Cells
(DC) infected with each of the 15 non-Beijing or 31 Beijing clinical Mtb isolates listed
in Table $1. This was performed using T-cell hybridomas specific to Ag85A/B or EsxA
(Table S2), to measure the MHC-lI-mediated presentation of T-cell epitopes derived
from these antigens, which is proportional to their intra-phagocyte secretion (23).
Although the average of Ag85A/B expression of the Beijing clinical isolates was
statistically lower than that of the non-Beijing strains, the expression of these antigens
was quite variable and many Beijing isolates were found to produce large amounts of
Ag85A/B (Fig 1C). This observation determined that Ag85A/B is in fact a relevant

vaccine target.

LV optimization to route Mtb immunogens to MHC-II pathway

Highly efficient at routing endogenously produced antigens to MHC-I, viral vectors
are however poorly effective, if not inoperative, in antigen delivery to MHC-II
machinery. This was confirmed by the fact that our initial conventional LV, encoding
individual EsxA, EspC, EsxH, PE19 or Ag85A, or various fusions of them, did not
trigger CD4* T-cell responses in mice. This was exemplified by the absence of EspC-
specific CD4* T cells, despite the presence of EspC-specific CD8* T cells in C57BL/6
mice immunized with a conventional LV encoding a fusion of Mtb antigens including
EsxA, Ag85A, EspC, EsxH, and PE19 (LV::TB) (Fig 2A). It is noteworthy that, in
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addition to the MHC-Il-restricted epitope within EspC:45-54 (23), this segment contains
an MHC-I-restricted epitope, so far uncovered in H-2° mice, and evidenced here by
use of LV. To overcome LV inability to induce inducing CD4* T cells, we sought to
optimize this vector, as detailed below and using EsxH as reporter antigen, considering
the availability of EsxH-specific, MHC-I- or -ll-restricted T-cell hybridomas (Table $2)
(24, 25).

We generated a series of LV encoding: (i) EsxH alone (LV::EsxH), (ii) EsxH added at
its N-ter part with the murine MHC-II “Ii” light invariant chain (LV::li-EsxH), to target the
translated antigen to the MHC-II compartment (26, 27), (iii) EsxH added at its N-ter part
with the 1-118 transmembrane domain of the human Transferrin Receptor (LV::TfR4.11s-
EsxH), to generate a membrane-bound protein which should traffic through endosomes,
to potentially gain access to the MHC-II pathway (26, 27), or (iv) EsxH added at its N-
ter and C-ter ends, respectively with HLA-B-derived leader SP peptide and MHC-I
Trafficking signal (LV::SP-EsxH-MITD), since the MHC-I molecules also traffic via
endosomes (28) (Fig 2B, Fig 13). DC transduced with LV encoding either EsxH
variants, were able to present efficiently the MHC-I-restricted EsxH:20-28 epitope to
specific T-cell hybridoma (Fig 2C). In net contrast to the conventional LV::EsxH, only
the optimized LV::li-EsxH, and to a lesser extent, LV::TfR1.11s-EsxH, were able to induce
efficient MHC-Il-restricted EsxH:74-88 epitope presentation to specific T-cell hybridoma
(Fig 2C). LV::SP-EsxH-MITD did not enable antigen presentation by MHC-II. For further
experiments described below, we thus selected the li flanking strategy, which resulted
in the highest presentation level via MHC-II, without impacting the presentation via
MHC-I. In sum, we elaborated a new generation of LV which gains the instrumental
property to provide appropriate antigen presentation, i.e., “signal 1” (29), not only via
MHC-I, but also through MHC-II pathway.

Very minor impact of LV on innate immunity versus their noticeable T-cell

immunogenicity

Before exploring the potential of the optimized LV at inducing CD4* T cells in vivo,
we assessed some properties of LV regarding induction of DC maturation or
inflammatory cytokine signaling, i.e., “signal 2-3” (29). A preparation of LV, not
characterized for endotoxin content, has been described to induce a few inflammatory

responses in vivo (30). Another study reported some degrees of LV-induced DC
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maturation in vitro, attributed to the Vesicular Stomatitis Virus (VSV) G envelop
glycoprotein, with which the LV are pseudo-typed (31). Murine DC, even when confronted
to high amounts (MOI of 50) of our pre-GMP quality, VSV-G-pseudo-typed LV, displayed
very slight phenotypic maturation, as judged by only a very minor CD86 upregulation
and minute increases in the percentages of MHC-I" or -II" cells (Fig 9A-B, C In terms
of functional maturation, P¢ transduced with LV secreted readily detectable amounts of
IFN-¢., CCL5 and IL-10 and very mild amounts of IFN-B. Importantly, no IL-1a., IL-1B,
IL-6 or TNF-oo were detected, indicating a poor inflammatory and even anti-

inflammatory properties of LV (Fig 9 D).

Based on the potency of LV at inducing IFN-I (30, 32) and the unique capacity of
DC to activate naive T cells, we then evaluated the dependence of LV-mediated CD8*
T-cell induction (12) on IFN-I signaling in DC. To this end, we used conditional C57BL/6
mutants, ifnar1™/x bCD11c-Cre* (with IFNAR-deficient DC) versus ifnar1xiox
pCD11c-Cre” (with IFNAR-proficient DC), after preliminary confirmation that DC
derived from the former displayed a large reduction of surface IFNAR expression (Fig
10A). Mice, ifnar1™¥1°x n,CD11c-Cre or Cre*, originated from the same litters, were
immunized s.c. with 5 x 107 Transduction Unit (TU) of LV::OVA or LV::li-EsxH. Eleven
days post-immunization (dpi), tetramer staining, ELISPOT or Intracellular Cytokine
Staining (ICS) assays detected in both mouse types strong and comparable CD8* T
splenocyte responses, specific to OVA (Fig 10B-C) or EsxH (Fig 10D-G), including
similar proportions of IFN-y*CD107a* degranulating or polyfunctional CD8* T cells.
Therefore, the capacity of LV to induce CD8" T-cell responses is not governed by

IFNAR signaling in conventional DC.

The very slight DC stimulatory capacity of LV highlights the intrinsically minor
inflammatory properties of these efficient vectors. In addition, the non-dependence of
LV-mediated T-cell induction on DC signaling through the rare inflammatory mediators
that they can induce (IFN-I) suggests that the underlying innate immune mechanisms

are reduced to strict minimum.
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Substantial capacity of the optimized LV at inducing systemic and mucosal

CD4* T-cell immunity

We then evaluated the potential of the optimized LV::li-EsxH at inducing CD4* T-
cell responses at the systemic or mucosal levels. Taking into the account the mild
impact of LV on innate immune system and the so far uncharacterized CD4* T-cell
immunogenicity of this vector, we investigated the optimized LV::li-EsxH, either alone
or adjuvanted with the pro-Th1 polyinosinic-polycytidylic acid (polyl:C) or the pro-
Th1/Th17 cyclic Guanine-Adenine dinucleotide (cGAMP) (33). First, BALB/c mice were
immunized s.c. with 5 x 107 TU of LV::li-EsxH, alone or adjuvanted. At 11 dpi, ICS
analysis detected remarkable amounts of EsxH-specific, Th1 cytokine-producing CD4*
(Fig 3A, B), as well as CD8* (Fig 3A, C) T splenocytes. No significant impact of
adjuvantation was observed in such responses induced by systemic immunization (Fig
3B, C). Then, mucosal immunization of BALB/c mice was performed via intranasal
(i.n.) route with 5 x 107 TU of LV::li-EsxH, alone or adjuvanted. At 13 dpi, lung T cells
were co-cultured with syngeneic DC loaded with EsxH:74-88 or EsxH:20-28 peptides,
bearing respectively MHC-II or -I H-29 T-cell epitopes (24, 25). Mucosal antigen-
specific IL-2- or IL-17A-producing CD4* T cells were only detected in the lungs of mice
immunized with cGAMP-adjuvanted LV::li-EsxH (Fig 3D). In parallel, mucosal antigen-
specific IL-2- or IL-17A-producing CD8* T cells were detected in the lungs of mice
immunized with LV::li-EsxH combined with either adjuvant (Fig 3E). Antigen-specific
IFN-y-producing lung CD4* or CD8* T cells were detected in all immunized groups (Fig
3D, E).

Intravenous (i.v.) injection of mice with PE-anti-CD45 mAb, 3 min before sacrifice,
allows distinction of hematopoietic cells located inside the lung interstitium from those
in the lung vasculature (34). Compared to the PBS-injected controls, mice immunized
with LV::li-EsxH alone possessed notable percentages of CD45;, CD4* (Fig 4A) or
CD45; CD8* (Fig 4E) T cells in the interstitium. This T-cell recruitment/expansion
increased in mice immunized with adjuvanted LV::li-EsxH. Percentages of CD27-
CD62L" recent migrant effectors, among interstitial CD4* (Fig 4B) or CD8* (Fig 4F)
CD45iy T cells, were also higher in mice immunized with adjuvanted LV::li-EsxH.
Notable amounts of antigen-specific IFN-y/TNF-a-producing CD4* (Fig 4C) or CD8*

(Fig 4G) T-cell effectors were detected in the interstitium of mice immunized with LV::li-
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EsxH alone and even more amounts of these T cells were detected in their
counterparts immunized with adjuvanted LV:li-EsxH. Immunization with cGAMP-
adjuvanted LV::li-EsxH generated Th17 (Fig 4D) and Tc17 (Fig 4H) cells, as detected
in the interstitium and consistent with IL-17A released in the supernatants of lung T
cells stimulated in vitro with EsxH:74-88 or EsxH:20-28 peptides (Fig 3D, E). CD45;.*
Th1 cytokine-producing CD4* or CD8* T cells were also detected in the vasculature
(Fig 4C, G), showing that the i.n. immunization also generated antigen-specific T cells

that gain access to the blood circulation and can thus contribute to systemic immunity.

As determined by cytometry at 1 dpi, i.n. administration of LV alone did not have a
significant impact on the proportions of various lung innate immune cell subsets,
compared to PBS treatment alone (Fig 5A, B). Following i.n. instillation of Polyl:C- or
cGAMP-adjuvanted LV, minor and statistically unsignificant increases in the
percentages of DC and interstitial macrophages were detected. Notably, the
proportions of pro-allergenic mast cells or basophils, and inflammatory Ly6C*
macrophages/monocytes or neutrophils — potentially harmful in the context of

mycobacterial infection (38) — remained unchanged in LV-treated mice.
Generation of an optimized poly-antigenic LV

We then generated an optimized LV encoding for a fusion of li and juxtaposed
sequences of EsxH, EsxA, EspC and PE19 (LV:li-HAEP) (Table S3, Fig 56S). LV::li-
HAEP-transduced DC were able to present the MHC-I- or -ll-restricted epitopes of
these immunogens to specific T-cell hybridomas (Fig 6A). As determined by ELISPOT,
in C57BL/6 mice, systemic s.c. immunization with 5 x 108 TU of LV::li-HAEP alone
induced IFN-y/TNF-o-producing CD4* or CD8* T splenocytes specific to all included
immunogens (Fig 6B), with notable bi- or polyfunctionality in the both subsets (Fig 6C,
D). Like for LV-mediated CD8* T-cell induction, with this optimized LV, we did not
detect any dependence of CD4* T-cell induction on DC IFNAR signaling (Fig 11). We
also established that immunization via s.c. or intramuscular (i.m.) systemic route with
LV::li-HAEP alone resulted in comparable IFN-y or TNF-o. CD4* and CD8" T splenocyte
responses (Fig 12).

Mucosal i.n. immunization of C57BL/6 mice with cGAMP-adjuvanted LV::li-HAEP
elicited (poly)functional CD4* (Fig 7A) or CD8" (Fig 7B) T cells specific to each of the
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4 Mtb antigens in lung interstitium, and also at a lesser extent in the vasculature. The
CD45;," interstitial CD4* or CD8* T subset in the vaccinated mice contained increased
proportions of CD27- CD62L- migrant effectors and CD69* CD103" lung-tissue resident
cells (Fig 7C). The majority of CD69* CD103* CD4* T cells displayed a CD44* CXCR3*
phenotype (Fig 7C bottom), reminiscent of CD8* T-cell resident-memory phenotype
(39, 40).

Evaluation of the protective booster potential of the optimized poly-antigenic
LV

Considering the interest of Ag85A/B antigens as vaccine targets (Fig 1), to
maximize the boosting potential of the elaborated vector, we added the Ag85A:241-
260 immunogenic region (41, 42) to the C-ter end of HAEP in LV::Ii (LV::li-HAEPA)
(Table S3, Fig 13). LV:Ili-HAEPA-transduced DC were able to induce MHC-II-
restricted presentation of Ag85A:241-260 to specific T-cell hybridoma (Fig 8A), in
addition to the presentation of the other Mtb antigens, as exemplified by EsxA and as
detected by specific T-cell hybridoma (ref 23)To evaluate the booster efficacy of LV::li-
HAEPA, C57BL/6 mice were either left unvaccinated or primed s.c. at week 0 with 1 x
108 CFU of BCG::ESX-1Mmar yaccine candidate with increased protective capacity
compared to the parental BCG (8) (Fig 8B). The advantage of this live-attenuated
vaccine candidate over BCG in prime immunization is linked to its capacity to secrete
EsxA and EspC via the orthologous ESX-1 T7SS, which allows here to boost the T-
cell responses against all the Mtb antigens included in the optimized poly-antigenic LV.
A group of BCG::ESX-1Mmar_primed mice was boosted s.c. with 5 x 108 TU of cGAMP-
adjuvanted LV::li-HAEPA at week 5, and then again boosted i.n. at week 10 with the
same amount of cGAMP-adjuvanted LV:li-HAEPA in order to attract the induced
immune effectors to the lung mucosa. At week 12, mice were challenged with = 200
CFU of virulent Mtb H37Rv strain via aerosol and mycobacterial burdens were
determined in the lungs and spleen at week 17. The lung mycobacterial load average
in the primed-boosted mice was decreased by = 2.5 log1o compared to unvaccinated
controls (Mann-Whitney test, p value = 0,0005), and by = 1 logie compared to their
BCG::ESX-1Mmar_yaccinated counterparts (Mann-Whitney test, p value = 0,0415) (Fig
8C). This significant decrease in the primed and boosted mice compared to the mice

vaccinated only with BCG::ESX-1Mmar seems nevertheless without major impact on
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lung histopathology (Figure 8D). In the spleen, the boost with cGAMP-adjuvanted
LV::li-HAEPA led to a net trend to reduced mycobacterial loads, which however did not
reach statistical significance. This could be explained by the particularly strong and
hardly improvable protective effect of ESX-1-complemented BCG strains against

dissemination to the spleen in the mouse and guinea pig models (22, 43, 44).
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Discussion

Extensive investigations of human immune cells by “omics” approaches in healthy
donors or individuals with latent versus active TB allowed identification of biomarkers
for developing host response-based diagnosis of active TB (45). However, these
studies did not provide a thorough view of multifactorial processes which result in
immune failure of granulomas and progression to active TB. Therefore, reliable
correlates of optimal protection, and causative biomarkers of non-progression of latent
to active TB remain largely elusive. In this context, rational design of new generation
of TB vaccines is challenging (46). One consensus in the domain consists of prime-
boost immunization approaches. BCG displayed an excellent safety record over the
last 80 years and shows a high rate of protector effect against disseminated forms of
TB in children. Therefore, the use of: (i) BCG or an improved live-attenuated vaccine
for priming, and (ii) subunit vaccine candidates for boosting, represent a promising

strategy.

Viral vectors, notably Modified Vaccinia Ankara (MVA) or adenoviral vectors have
been used in immunization against Mtb (7). Despite its remarkable success in pre-
clinical animal models, an MVA encoding Ag85A, was poorly immunogenic in clinical
trials and was unable to induce protection (47). Another LV encoding Ag85A, together
with an NF-kB activator, induced systemic and mucosal T-cell immunity, but did not
afford protection against a BCG challenge in the mouse model (48). In BCG-primed
mice, a boost with an LV encoding an Ag85B-PPES57 fusion, increased the amplitude
of T-cell responses and protection against a high-dose i.v. Mtb challenge (49). In these
studies, the LV encoded only for one or two Mtb antigens and were not optimized to
target the antigens to the MHC-II presentation pathway, which can explain their poor
capacity to induce protection against Mtb. In fact, despite their remarkable ability to
target endogenously produced antigens into the MHC-I pathway of the transduced
antigen presenting cells, viral vectors, including LV, mostly fail to deliver antigens to
the MHC-II machinery for CD4* T-cell induction. Here, we generated a new generation
of LV in which the genes encoding multiple potent Mtb antigens were engineered to
allow trafficking of the resulted fusion proteins through the MHC-II pathway. Addition
of the li or TfR at the N-ter of a single or a poly-antigenic protein, achieved proper

antigen routing to the MHC-II machinery and robust triggering of CD4* T cells, without
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any propensity to reduce MHC-I presentation or CD8* T-cell induction. However, li
fusion to the N-ter of protein sequences might not be always sufficient and preservation
of the native tertiary structure of the resulting proteins seems to matter as well. For
instance, LV encoding for a fusion of |i and a cluster of predicted T-cell epitopes,
derived from EsxH, EsxA, EspC and PE19, failing to preserve protein folding and
enriching the sequences in hydrophobic residues, did not induce efficient antigen

routing to MHC-Il machinery.

The choice of the Mtb immunogens included in the poly-antigen inserted in the
optimized LV was based on their direct relationship with the mycobacterial virulence in
vivo and active secretion by the ESX-1, -3, -5 T7SS or Tat systems, throughout various
TB phases (16, 17). Among these proteins, PE19 is of particular interest. As a single
antigen, PE19 harbors T-cell epitopes which are shared with its several homologs. The
Mtb genome contains up to one hundred of pe (and ppe) genes. The resulted PE/PPE
proteins, named after their N-ter PE or PPE motifs (18, 50, 51), form large multigenic
families of proteins, which are secreted or cell wall-attached and many are related to
pathogenic potential (18-21). Resulting from ancestral gene duplication, PE/PPE
proteins display substantial sequence homologies and thus share plethora of T-cell
epitopes (42). The arbitrary insertion of the pe/ppe genes all over the Mtb genome led
to their expression by an array of independent promoters, which generates
unprecedented degrees of variability in their expression profiles at distinct infection
phases (52). This situation can readily generate consecutive display of groups of
shared PE(/PPE) epitopes, during various TB phases (42, 53-55).

As we recently demonstrated with LV-based vaccination against SARS-CoV-2 (56),
systemic immune responses, even of high quality, may not always reach the site of the
infection in the lung mucosa to prevent replication of pulmonary pathogens. Mucosal
immunity, including antibodies and tissue-resident lymphocytes, have been shown to
be instrumental in pathogen clearance from the respiratory tracts (56-60). In TB
vaccination, our previous results demonstrated the advantages of i.n. immunization
with Esx or PE/PPE antigens in various formulations (9, 61). Moreover, the protection
against pulmonary TB has been correlated with the presence of antigen-specific
resident-memory CD4* T cells (62-65). Here, we thoroughly characterized the

functions and phenotype of CD4* and CD8* T cells, induced through systemic or i.n.
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administration of the optimized LV encoding EsxH or HAEP(A) poly-antigen. Most
notably, mucosal immunization induced lung CD4* and CD8* T cells with polyfunctional
effector features, accompanied by activated, tissue-resident and memory phenotypes.
When formulated with cGAMP adjuvant and administered via i.n., the optimized LV
also triggered lung Th17 and Tc17 responses with prospective implications in the
protection against Mtb (66, 67).

The very mild impact of LV on DC maturation in vitro, and the very slight modification
of the lung innate immune cell composition subsequent to i.n. administration of LV
alone, indicate the intrinsically low inflammatory properties of these vectors.
Interestingly, DC signaling through IFN-I, i.e., the rare inflammatory factors induced by
LV, is not involved in CD4* or CD8* T-cell induction by these vectors. This suggests a
minimalist involvement of innate immune pathways engaged by LV to induce robust T-
cell immunity. These characteristics, together with the non-replicative property of LV,
reflect favorably on their safety for veterinary or human vaccination, notably via the
mucosal pathways. In addition, due to the mucosal barrier, i.n. immunization could

even generate minimized systemic adverse effects (68).

Finally, we investigated the protective potential of a vaccination approach based on
priming with the improved live-attenuated vaccine, BCG::ESX-1Mmar (8) and boosting
with the optimized LV::li-HAEPA formulated in cGAMP in the prophylactic C57BL/6
mouse TB model. BCG::ESX-1Mmar per se triggered a substantial reduction in the Mtb
loads in the lungs and spleen, while LV boosting via systemic and nasal routes
achieved significant additional decrease of bacterial loads in the lungs, accompanied
by a net trend to weakened dissemination to the spleen. These data provide the proof-
of-concept evidences that, in the context of LV, not only single small antigens like
EsxH, but also fusion of multiple antigens, fused to li are able to gain access to the
MHC-II presentation pathway to induce CD4* T cells, without reduction of CD8* T-cell
triggering. In addition, i.n. immunization with the optimized LV induces recruitment and
establishment of poly-specific lung CD4* and CD8* T-cell immunity with resident-
memory phenotype. This approach can optionally be improved by the addition of

appropriate adjuvants.

Whether the i.n. immunization involves the mediastinal lymph nodes, immune cells

directly recruited and located into the lung parenchyma or the highly organized ectopic



10

WO 2022/189656 57 PCT/EP2022/056390

lymphoid-like structures of “tertiary lymphoid organs” remains to be uncovered. The
latter mimic the immune germinal centers in the mucosal tissues, providing local and
controlled inflammation and an optimal environment for innate and adaptive immune
cell cross-talk to reinforce anti-microbial host immunity at the site of the potential
infection (74).

The non-replicative and very weakly inflammatory properties of LV, now optimized
to induce CD4* T-cell responses, predict these vectors as tools of choice for mucosal
vaccination, especially via the i.n. route. The prospects for development of these LV-
based strategies go far beyond mycobacterial infections, extending the approach to

acute or chronic respiratory infectious diseases.



10

15

20

25

WO 2022/189656 58 PCT/EP2022/056390

Materials and Methods

Construction of transfer plasmids encoding Mtb (poly)antigen and LV

generation

Codon-optimized genes encoding EsxH alone or in fusion with the li, TR, and MITD
or encoding li-HAEP or li-HAEPA were synthetized by Eurofins were then cloned
downstream of the “SP1” promoter: (i) based on human 32 microglobulin (32m)
promoter which derives antigen expression predominantly in immune cells and notably
activated APCs (70), and (ii) containing inserted/substituted regions originated from
the CMV promoter albeit with minimal proximal enhancers and thus improved vector
safety (our unpublished results). The promoter is located between BamHI| and Xhol
sites of the pFLAPAUS transfer plasmid (14) (Fig 13) containing a mutated WPRE
(Woodchuck Posttranscriptional Regulatory Element) sequence to increase gene
transcription. Production and titration of LV were performed as described elsewhere
(56)

Mycobacteria

Mtb (H37Rv strain) or BCG::ESX-1Mmar (8) were cultured to exponential phase in
Dubos broth, complemented with Albumine, Dextrose and Catalase (ADC, Difco,
Becton Dickinson, Le Pont-de-Claix, France). Non-Beijing and Beijing clinical Mtb
isolates, representative of the most prevalent genotypes in France, have been
submitted to the National Reference Centre for TB for drug-resistance characterization
and Mycobacterial Interspersed Repetitive-Unit-Variable-Number Tandem-Repeat
(MIRU-VNTR) genotyping (75). Mtb clinical isolates were grown in Dubos broth,
complemented with oleic ADC (OADC, Difco). Titers of the mycobacterial cultures were
determined by ODsoo measuring. Experiments with pathogenic mycobacteria were
performed in BSL3, following the hygiene and security recommendations of Institut

Pasteur.
Detection of MHC-I or -l restricted antigenic presentation in vitro

Histocompatible bone-marrow derived DC were plated at 5 x 10° cells/well in 24-

well plates in RPMI 1640 containing 5% FBS. When adherent, cells were transduced
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with LV vectors, or were loaded with 1 ug/ml of homologous or control synthetic
peptides. At 24 h post infection 5 x 10° appropriate T-cell hybridomas were added and
the co-culture supernatants were assessed for IL-2 production at 24h by ELISA. In this
assay, the amounts of released IL-2 is proportional to the efficacy of antigenic
presentation by MHC molecules. The peptides harboring MHC-I or -ll-restricted
epitopes were synthesized by Proteogenix (Schiltigheim, France) and were
reconstituted in H.O containing 5% Di-Methyl Sulfoxyd (DMSOQ) (Sigma-Aldrich). When
indicated antigenic presentation was assessed by use of reporter T-cell hybridomas,
transduced to emit fluorescent signals subsequent to TCR triggering, as recently
described (23).

Mice, immunization

Female BALB/c (H-29) and C57BL/6 (H-2P) (Janvier Labs, Le Genest-Saint-Isle,
France) were immunized after at least one week of acclimatation, with the indicated
dose of LV contained in 50 pl/mouse for i.m. injection, in 200 uyl/mouse for s.c. at the
basis of the tail, or in 20 ul/mouse for i.n. instillation. The i.n. administration was
performed under general anesthesia, obtained by i.p. injection of 100 pl of PBS
containing weight-adapted quantities of Imalgéneioso (Kétamine, i.e., 100 mg/kg,
Merial, France) and Rompun 2% (Xylazine solution, 10 mg/kg, Bayer, Germany).
When indicated LV was adjuvanted with 10 pg/mouse of polyl:C or cGAMP

(Invivogen).

The hemizygous C57BL/6 (H-2P) mice, carrying the gene encoding Cre DNA
recombinase, under the regulation of murine CD11c promoter (76), were crossed with
C57BL/6 mice homozygous for the “floxed” ifnar? allele (77) to obtain litters of
homozygous ifnar1™¥™x mice that carry or not the Cre transgene. In ifnar1ox/iox
pCD11c¢c-Cre* mice, with the exception of CD11c-expressing plasmacytoid DC, all other
DC populations lacked IFNAR1 (77). The breeding was performed at the central animal

facilities of Institut Pasteur, under SPF conditions.

All the mice were used between the age of 8 and 16 weeks, in accordance with the
European and French directives (Directive 86/609/CEE and Decree 87-848 of 19
October 1987), after approval by the Institut Pasteur Safety, Animal Care and Use
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Committee, under local ethical committee protocol agreement # CETEA 2013-0036
and CETEA 2012-0005 (APAFIS#14638-2018041214002048).

Intracellular cytokine staining

Splenocytes from immunized mice were obtained by tissue homogenization and
passage through 100-um nylon filters (Cell Strainer, BD Biosciences) and were plated
at 4 x 10° cells/well in 24-well plates. Lungs were treated with 400 U/ml type IV
collagenase and DNase | (Roche) for 30 min at 37°C and homogenized by use of
GentleMacs (Miltenyi). Cells were then filtered through 70-um nylon filters (Cell
Strainer, BD Biosciences), and centrifuged for 20 min at 3000 rpm at RT without brake
on Ficoll gradient medium (Lympholyte M, Cedarlane Laboratories). Lung T-cell-
enriched fractions were co-cultured at 4 x 108 cells/well with histocompatible bone-
marrow-derived DC (8 x 10° cells/well) in 24-well plates. Splenocytes or lung T cells
were co-cultured during 6h in the presence of 10 ug/ml of homologous or control
peptide, 1 ug/ml of anti-CD28 (clone 37.51) and 1 ug/ml of anti-CD49d (clone 9C10-
MFR4.B) mAbs (BD Biosciences). During the last 3h of incubation, cells were treated
with a mixture of Golgi Plug and Golgi Stop, both from BD Biosciences. When
indicated, PE-Cy7-anti-CD107a (clone 1D4B, BioLegend) mAb was also added to the
cultures at this step. Cells were then collected, washed with PBS containing 3% FBS
and 0.1% NaNs (FACS buffer) and incubated for 25 min at 4°C with a mixture of Fcyll/1ll
receptor blocking anti-CD16/CD32 (clone 2.4G2) and APC-eFluor780-anti-CD3¢e
(clone17A2), eF450-anti-CD4 (clone RM4-5), BV711-anti-CD8 (clone 53-6.7) mAbs
(BD Biosciences or eBioscience). Cells were washed twice in FACS buffer, then
permeabilized by use of Cytofix/Cytoperm kit (BD Bioscience). Cells were then washed
twice with PermWash 1X buffer from the Cytofix/Cytoperm kit and incubated with a
mixture of AF488-anti-IL-2 (clone JES6-5H4, BD Biosciences), PE/Dazzle 594-anti-
TNF-a (MP6-XT22, BioLegend), and APC-anti-IFN-y (clone XMG1.2, BD Biosciences)
mAbs or a mixture of appropriate control Ig isotypes, during 30 min at 4°C. Cells were
then washed twice in PermWash and once in FACS buffer, then fixed with Cytofix (BD
Biosciences) overnight at 4°C. Cells were acquired in an Attune NxT cytometer system
(Invitrogen) and data analysis was performed using FlowJo software (Treestar, OR,
USA).
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Lung cell phenotyping

Lymphocyte-enriched lung cells from mice, injected i.v. with PE-anti-CD45 (clone
30-F11, BioLegend) 3 min before sacrifice, were prepared as described above and
stained with a mixture of APC-eFluor780-anti-CD3¢ (clone17A2, eBioscience), eF450-
anti-CD4 (clone RM4-5, eBioscience), BV711-anti-CD8 (clone 53-6.7, BD
Biosciences) mAbs, with either: (i) PE-Cy7-anti-CD27 (clone LG.7F9, eBioscience)
and AF700-anti-CD62L (clone MEL-14, BD Biosciences) mAbs, or (i) BV605-anti-
CD69 (clone H1.2F3, BioLegend), FITC-anti-CD103 (clone 2E7, BioLegend), PE-Cy7-
anti-CD49a (clone HM1, BioLegend), AF700-anti-CD44 (clone IM7, BioLegend) and
APC-Fire750-anti-CXCR3 (clone CXCR3-173, BioLegend) mAbs, all in the presence
of Fcyll/lll receptor blocking anti-CD16/CD32 (BD Biosciences). After 25 min
incubation at 4°C, the cells were washed twice in FACS buffer and fixed by incubation
with Cytofix (BD Bioscience) overnight at 4°C. Cytometric analysis of lung innate

immune cells was recently detailed elsewhere (56).
ELISPOT assay

Splenocytes from individual mice were homogenized and filtered through 100 pm-
pore filters and centrifuged at 1500 rpm during 5 min. Cells were then treated with Red
Blood Cell Lysing Buffer (Sigma), washed twice in PBS and counted in a MACSQuant-
10 cytometer (Miltenyi Biotec). Splenocytes were then plated at 1 x 10° cells/well in
200 pl of RPMI-GlutaMAX, containing 10% heat-inactivated FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin, 1 x 104 M non-essential amino-acids, 1% vol/vol HEPES,
1 x 10 M sodium pyruvate and 5 x 10> M of B-mercaptoethanol in ELISPOT plates
(Mouse IFN-y or TNF-o. ELISPOTPLYS Mabtech). Cells were left unstimulated or were
stimulated with 2 ug/ml of appropriate synthetic peptides (Proteogenix) or 2.5 ug/ml of
Concanavalin A (Sigma), as a functionality control. For each mouse, the assay was
performed in triplicates, according to the manufacturer's recommendations. Plates
were analyzed in an ELR04 ELISPOT reader (AID, Strassberg, Germany).

Protection assay

C57BL/6 mice were primed s.c. with 1 x 108 CFU/mouse of BCG::ESX-1Mmar (8) at day

0, boosted s.c. with 5 x 108 TU/mouse of adjuvanted LV at week 5, and boosted again
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i.n. with 5 x 108 TU/mouse of adjuvanted LV at week 10. The immunized mice, as well
as age-matched, unvaccinated controls, were challenged 2 weeks after the i.n. boost
by use of a homemade nebulizer via aerosol, as previously described (9). Briefly, 5 ml
of a suspension of 1.7 x 108 CFU/ml of H37Rv Mtb strain were aerosolized to deliver
an inhaled dose of = 200 CFU/mouse. The infected mice were placed in isolator in
BSL3 facilities at Institut Pasteur. Five weeks later, lungs or spleen of the infected mice
were homogenized by using a MillMixer homogenizer (Qiagen, Courtaboeuf, France)
and serial 5-fold dilutions prepared in PBS were plated on 7H11 Agar complemented
with ADC (Difco, Becton Dickinson). CFU were counted after 3 weeks of incubation at
37°C. Significance of inter-group CFU differences was determined by Mann-Whitney
t-test by use of Prism v8.01 (GraphPad Software, Inc.).
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Table S1. Non-Beijing or Beijing Mtb clinical isolates from MIRU-VNTR, tested for the intra-
phagocyte Ag85A/B and EsxA expression.

Corresponding Number on Clinical Isolate
Heat M No. li

1 661603069400
2 661610071089
3 661702081724
4 661612077758
5 661708094529
6 661801095406
7 661805075095
3 661412076132
9 661404013957
10 661407086878
11 661405051259
12 661404032252
13 661408059503
14 661409034117
15 661410060829

1 661701115366
2 661711076067
3 661501008044
4 661508077689
5 661611080910
6 661602107040
7 661604058591
3 661609072250
9 661612100794
10 661701037389
11 661706099221
12 661707013366
13 661707023069
14 661709001208
15 661709065148
16 661805075112
17 661711117831
18 661406088111
19 661406088102
20 CR 1201 6122
21 CR 1104 7352
22 CR 1005 5423
23 CR 1010 5929
24 CR 1008 5736
25 CR 1010 5930
26 661305027157
27 CR 0910 6843
28 CR 0910 6844
29 CR 0905 6418
30 CR 0905 6417

CR 12117109

w
f—
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Table S2. MHC-I or -II restricted T-cell hybridomas specific to the selected Mtb

immunogens
. MHC . T-cell -
Antigen epitope Epitope sequence hybridoma Restricting element
EsxH  20-28 GYAGTLQSL YBS Kd
(SEQ ID No. 15)
EsxH 74-88 STHEANTMAMMARDT 1H2 L-Ad
(SEQ ID No. 16)
MTEQQWNFAGIEAAASAIQG b
EsxA 1-20 (SEQ ID No. 17) NB11 I-A
MSFVTTQPEALAAAAANL 1F6 b
PE19 1-18 (SEQ ID No. 18) I-A
Ag8SA  241-260 QDAYNAGGGHNGVFDFPDSG DE10 AP

(SEQ ID No. 19)

5  Table S3. Sequences of fused li and selected Mtb antigens, inserted in LV

Insert length

(a.a.)

Poly-antigenic LV Sequence

MDDQRDLISNHEQLPILGNRPREPERCSRGALYTGVSVLVA
LLLAGQATTAYFLYQQQGRLDKLTITSQNLQLESLRMKLPK
SAKPVSQMRMATPLLMRPMSMDNMLLGPVKNVTKYGNM

TQDHVMHLLTRSGPLEYPQLKGTFPENLKHLKNSMDGVN

LV:li-EsxH-EsxA-EspC- WKIFESWMKQWLLFEMSKNSLEEKKPTEAPPKEPLDME
PE19 DLSSGLGVTRQELGQVTLE QIMYNYPAMLGHAGDMA

E— GYAGTLQSLGAEIAVEQAALQSAWQGDTGITYQAWQAQWN
QAMEDLVRAYHAMSSTHEANTMAMMARDTAEAAKWGGN
TEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLA
TELNNALQNLARTIS

617
(LV::li-HAEP)

(SEQID No.1) HHDNAAVDASSGVEAAAGLGESVAITHGPYCSQFNDTLNV
YLTAHNALGSSLHTA(:VDLAKSLRIAAKIYSEADEAWRKAI

AAPTTGVY. AAADE VSALTAAQFAAHAQMYQTVSAQAAAIH
EMFVNTLVASSGSYAATEAANAAAAG

MDDQRDLISNHEQLPILGNRPREPERCSRGALYTGVSVLVA
LLLAGQATTAYFLYQQQGRLDKLTITSQNLQLESLRMKLPK
SAKPVSQMRMATPLLMRPMSMDNMLLGPVKNVTKYGNM
TQDHVMHLLTRSGPLEYPQLKGTFPENLKHLKNSMDGVN
. WKIFESWMK! WLLFEMSKNSLEEKKPTEAPPKEPLDME
LV::li-EsxH-EsxA-EspC- Q

PE19-Ag85A:241-260

WQGDTGITYQAWQAQWN

QAMEDLVRAYHAMSSTHEANTMAMMARDTAEAAKWGGN

636 TEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLA

_ AAWGGSGSEAYQGVQQKWDATATELNNALQNLARTIS

(LV:li-HAEPA) EAGQAMASTEGNVTGMFA ENLTVQPERLGVLAS

HHDNAAVDASSGVEAAAGLGESVAITHGPYCSQFNDTLNV

(SEQID No. 3) YLTAHNALGSSLHTAGVDLAKSLRIAAKIYSEADEAWRKAI

\SFVTTQPEALAAAAANLOGIGTTMNAQNAAA

AAPTTGVVPAAADEVSALTAAQFAAHAQMYQTYVSAQAAAIH

EMFVNTLVASSGSYAATEAANAAAAQDAYNAGGGHNGVFD
FPDSG
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MDDQRDLISNHEQLPILGNRPREPERCSRGALYTGVSVLVA
LLLAGQATTAYFLYQQQGRLDKLTITSQNLQLESLRMKLPK
SAKPVSQMRMATPLLMRPMSMDNMLLGPVKNVTKYGNM
TQDHVMHLLTRSGPLEYPQLKGTFPENLKHLKNSMDGVN
WKIFESWMKQWLLFEMSKNSLEEKKPTEAPPKEPLDME

AGYAGTLOSLGAETAVEQAALQSAWQGDTGITYQAWQAQW
NQAMEDLVRAYHAMSSTHEANTMAMMARD TAEAAKWGG

WO 2022/189656
LV::li-EsxH
315
(SEQ ID No. 5)
TfR1,118-ESXH
218

(SEQ ID No. 7)

MMDQARSAFSNLFGGEPLSYTRFSLARQVDGDNSHVEMK
LAVDEEENADNNTKANVTKPKRCSGSICYGTIAVIVFF
MIGYLGYCKGVEPKTECERLAGTESPVREEPGEDFPA(
MSQIMYNYPAMLGHAGDMAGYAGTLQSLGAEIAVEQAALQS
AWQGDTGITYQAWQAQWNQAMEDLVRAYHAMSSTHEANT
MAMMARDTAEAAKWGG

Highlighted sequences are junctions inserted to avoid neo-epitope generation.
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Claims

1. A recombinant lentiviral vector genome comprising a polynucleotide encoding a
fusion polypeptide, wherein said fusion polypeptide comprises, arranged from N-

terminal to C-terminal ends:

- a first polypeptide comprising (i) an MHC-Il-associated light invariant chain (i),
preferably of SEQ ID No. 11, or (ii) the transmembrane domain of the transferrin
receptor (TfR), preferably of SEQ ID No. 13, and

- at least one antigenic polypeptide of a pathogen.

2. The recombinant lentiviral vector genome according to claim 1, wherein said
antigenic polypeptide is a mono-antigenic polypeptide comprising one antigen of a
pathogen or immunogenic fragment thereof, or is a poly-antigenic polypeptide
comprising at least two antigens of one or more pathogens or immunogenic fragments

thereof.

3. The recombinant lentiviral vector genome according to claim 1 or 2, wherein the
pathogen is a bacterial, parasite or viral pathogen, in particular a pathogen associated
with an acute or chronic respiratory infectious disease in a mammal, more particularly
is Mycobacterium tuberculosis, an influenza virus or a coronavirus such as SARS-CoV-
2.

4. The recombinant lentiviral vector genome according to claim 3, wherein said
antigenic polypeptide comprises one or more Mycobacterium tuberculosis (Mtb)
antigens selected from EsxA, EspC, EsxH, PE19 or Ag85A, or an immunogenic

fragment thereof, in particular one of the following Mtb antigenic combinations:

(a) EsxH;

(b) EsxH and EsxA;

(c) EsxH, EsxA and PE19;

d) EsxH, EsxA, EspC and PE19;
)

(
(e) EsxH, EsxA, EspC, PE19 and Ag85A,
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or immunogenic fragments thereof.

5. The recombinant lentiviral vector genome according to any one of claims 1 to 4,
wherein said genome is obtained from a pFLAP vector plasmid, in particular the vector
plasmid of nucleotide sequence SEQ ID No. 20, wherein the polynucleotide encoding
the fusion polypeptide has been cloned under control of a promoter functional in
mammalian cells, in particular the CMV promoter, the human beta-2 microglobulin
promoter, the SP1-human beta-2 microglobulin promoter of SEQ ID No. 21 or the
composite BCUAG promoter of SEQ ID No. 22 and wherein the vector optionally
comprises post-transcriptional regulatory element of the woodchuck hepatitis virus
(WPRE), in particular a mutant WPRE as set forth in SEQ ID No. 23.

6. A DNA plasmid comprising the recombinant lentiviral vector genome according to
any one of claims 1 to 5, in particular wherein said genome is inserted within a pFLAP
vector plasmid, preferably the vector plasmid of nucleotide sequence SEQ ID No. 20,
wherein the fusion polypeptide encoded by the polynucleotide comprised within the
recombinant lentiviral vector genome is inserted between restriction sites BamHI and

Xhol in replacement of the GFP sequence.

7. A recombinant lentiviral vector particle which comprises the recombinant lentiviral

vector genome according to any one of claims 1 to 5.

8. The recombinant lentiviral vector particle according to claim 7, which is a
recombinant integration-deficient lentiviral vector particle, in particular wherein the
recombinant integration-deficient lentiviral vector particle is a HIV-1 based vector
particle and is integrase deficient as a result of a mutation of the integrase gene
encoded in the genome of the lentivirus in such a way that the integrase is not
expressed or not functionally expressed, in particular the mutation in the integrase
gene leads to the expression of an integrase substituted on its amino acid residue 64,
in particular the substitution is D64V in the catalytic domain of the HIV-1 integrase

encoded by Pol.
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9. The recombinant lentiviral vector particle according to any one of claim 7 or 8,
wherein said recombinant lentiviral vector particle is a recombinant replication-
incompetent pseudotyped lentiviral vector particle, in particular a replication-
incompetent pseudotyped HIV-1 lentiviral vector particle, in particular wherein the
lentiviral vector particle is pseudotyped with the glycoprotein G from a Vesicular

Stomatitis Virus (V-SVG) of Indiana or of New-Jersey serotype.

10. A host cell, preferably a mammalian host cell, transfected with a DNA plasmid
according to claim 6, in particular wherein said host cell is a HEK-293T cell line or a
K562 cell line.

11. A pharmaceutical composition, in particular a vaccine composition, suitable for
administration to a mammalian host, comprising a recombinant lentiviral vector particle
of any one of claims 7 to 9 together with one or more pharmaceutically acceptable
excipient(s) suitable for administration to a host in need thereof, in particular a human

host.

12. The pharmaceutical composition of claim 11, further comprising an adjuvant, in
particular a pro-Th1 and/or pro-Th17 adjuvant such as polyinosinic-polycytidylic acid
(polyl:C) or a derivative thereof, or a cyclic dinucleotide adjuvant, in particular cyclic
Guanine-Adenine dinucleotide (cGAMP).

13. The pharmaceutical composition of claim 11 or 12, for use in the elicitation of a
protective, preferentially prophylactic, immune response by the elicitation of antibodies
directed against the antigenic polypeptide or immunogenic fragments thereof in a host

in need thereof, in particular a human host.

14. The pharmaceutical composition of claim 13, wherein the immune response

involves the induction of MHC-I restricted presentation and MHC-II restricted
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presentation of the antigenic polypeptide or immunogenic fragments thereof, by an
antigen-presenting cell, in particular a dendritic cell, and the induction of a CD4- and

CD8-mediated cellular immune response.

15. The pharmaceutical composition of any one of claims 11 to 14, for use in preventing
and/or treating an infection by a pathogen in a mammalian host in need thereof, in
particular a human host in particular an infection by a pathogen associated with an

acute or chronic respiratory infectious disease in a mammal.

16. A method for the preparation of recombinant lentiviral vector particles suitable for
the preparation of a pharmaceutical composition, in particular a vaccine composition,

comprising the following steps:

a) transfecting the recombinant lentiviral transfer vector carrying the lentiviral vector
genome comprising a polynucleotide encoding a fusion polypeptide, according to any
one of claims 1 to 5, or the DNA plasmid according to claim 6 in a host cell, for example
a HEK-293T cell line or a K562 cell line;

b) co-transfecting the cell of step a) with: (i) a plasmid vector encoding envelope
proteins and with a plasmid vector encoding the lentiviral GAG and POL or mutated
POL protein as packaging construct; and (ii) a plasmid encoding VSV-G Indiana or

New Jersey envelope,

¢) culturing the host cell under conditions suitable for the production of recombinant

lentiviral vector particles expressing the fusion polypeptide;

d) recovering the recombinant lentiviral particles expressing the fusion polypeptide.



