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LIVE ATTENUATED BACTERIAL STRAIN AND ITS USE AS A VACCINE
FIELD OF THE INVENTION:

The present invention relates to a vaccine composition comprising a live attenuated

bacterial strain and its use as a vaccine.
BACKGROUND OF THE INVENTION:

Vaccines have been one of the biggest success stories of modern medicine. There is
arguably no single preventive health intervention more cost-effective than
immunization. Time and again, the international community has endorsed the value of
vaccines and immunization to prevent and control a large number of infectious
diseases and, increasingly, several chronic diseases that are caused by infectious
agents.

WHO estimates that at least 10 million human deaths were prevented between 2010
and 2015 thanks to vaccinations delivered around the world. Many millions more lives
were protected from the suffering and disability associated with diseases such as
pneumonia, diarrhea, whooping cough, measles, and polio.

Thank to vaccination global measles mortality has declined by 79% and the
poliomyelitis is closer to be eradicated. Moreover, vaccines can help to limit the
spread of antibiotic resistance.

In the last decades, significant advances in the human and veterinary vaccines and
their production have been made. One of the main progresses is the improved
production efficiency of live attenuated vaccines.

However, there is a still a need for new live attenuated vaccines against human or
veterinary pathogens but many obstacles exist that have impeded their development.
One of the obstacles to the design of live attenuated vaccine include notably
understanding pathogen genetic and antigenic variability, variable host immune
responses in order to identify protective antigens, and immunogenicity and
identification of the antigens that stimulate protective immunity.
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Therefore, it is an object of the invention to overcome at least some of the deficiencies

of the existing vaccines and to provide new live attenuated vaccines.

In particular, it is another object of the invention to provide, in at least one
embodiment, a live attenuated strain which exhibits an attenuated pathogenicity while
maintaining its ability to colonize and which induces a strong protective immunity with

limited clinical signs after vaccination and no clinical sign after challenge.

It is also another object of the invention to provide, in at least one embodiment, a
method for producing a vaccine which can be adapted to a large number of strains in
the same family.

It is also another object of the invention to provide, in at least one embodiment, a
method for producing a vaccine which is easy to implement and which is relatively low
in production costs.

SUMMARY OF THE INVENTION:

Now, the inventors have found that by inactivating or deleting the ntrX gene of a wild
bacterial strain they obtain a live strain with an attenuated virulence. Moreover, the
inventors have also shown that this live attenuated strain was able to induce immunity
sufficient for ensuring protection. Indeed, in order to provide a vaccine, it is not
sufficient to provide a live attenuated strain, it is necessary that this strain also

induces a strong immune response.

A subject of the present invention is therefore a vaccine composition comprising a
bacterial strain with a deleted or inactive nirX gene.

The present invention also relates to a vaccine composition comprising a bacterial
strain with a deleted or inactive nirX gene for use to induce a protective immune

response against the bacterial strain.

The present invention also relates to a vaccine composition comprising a bacterial

strain with a deleted or inactive ntrX gene for use as a vaccine.
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The present invention also relates to a vaccine composition comprising a bacterial
strain with a deleted or inactive ntrX gene for use in preventing an infection caused by
the bacterial strain.

In yet another aspect, the present invention relates to method for producing a vaccine
composition for use against a bacterial strain comprising a step of:

- inactivating or deleting the ntrX gene of the bacterial strain, thereby obtaining an
attenuated bacterial strain.

DETAILED DESCRIPTION OF THE INVENTION

Vaccine composition

The present invention relates to vaccine composition comprising a bacterial strain with
a deleted or inactive ntrX gene. This bacterial strain with a deleted or inactive nirX
gene is a live attenuated strain.

ntrx is transcriptional regulator whose product is Nitrogen assimilation regulatory
protein NirX.lt functions as a Signal transduction mechanism (T.COG2204) and
contains a "Signal receiver domain; originally thought to be unique to bacteria (CheY,
OmpR, NtrC, and PhoB), now recently identified in eukaroytes ETR1 arabidopsis
thaliana; this domain receives the signal from the sensor partner in a two-component
systems; cd00156".

In one embodiment, the nirX gene of the invention encodes a NtrX protein having the
amino acid sequence of SEQ ID NO: 1.

The NtrX protein having the amino acid sequence of SEQ ID NO: 1 is the NirX of
Ehrlichia ruminantum Gardel. The NtrX protein of Ehrlichia ruminantum Welgevonden
and Ehrlichia ruminantum Senegal have also the amino sequence of SEQ ID NO: 1.

The amino acid sequence of the NtrX protein of Erlichia ruminantum Gardel as well as
the nucleic acid sequence of the ntrX gene of Erlichia ruminantum Gardel are given in
the Table 1 below.
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In another embodiment, the ntrX gene of the invention is an active homologue of the
ntrX gene which encodes a NirX protein having the amino acid sequence of SEQ ID
NO: 1 ; said active homologue encodes a NtrX protein having an amino acid
sequence with at least 50 % of identity with SEQ ID NO: 1.

Preferably, said active homologue encodes a NirX protein having a amino acid
sequence with at least 60%, more preferably at least 70%, more preferably at least
75%, more preferably at least 80%, more preferably at least 85%, even more
preferably at least 90%, and most preferably at least 95% of identity with SEQ ID NO:
1.

For the purposes of comparing two closely-related polynucleotide or polypeptide
sequences, the “% identity" between a first sequence and a second sequence may be
calculated wusing an alignment program, such as BLAST® (available at
blast.ncbi.nlm.nih.gov) using standard settings. The % identity is the number of
identical residues divided by the number of residues in the reference sequence,
multiplied by 100. The % identity in the above table is calculated by this methodology.

Alternatively, the % identity may also be calculated by dividing the number of identical
residues by the number of aligned residues and multiplying by 100.

Alternative methods include using a gapped method in which gaps in the alignment,
for example deletions in one sequence relative to the other sequence, are accounted
for in a gap score or a gap cost in the scoring parameter (for more information, see
the website blast.ncbi.nim.nih.gov).

In an embodiment, the inactive nitrX gene is an inactive mutant of a nirX gene
encoding a NtrX protein having the amino acid sequence of SEQ ID NO: 1 or of an
active homologue thereof encoding a NtrX protein having a amino acid sequence with
at least 50 %, 60%, 70%, 75%, 80%, 85%, 90% or 95% of identity with SEQ ID NO: 1.
In another embodiment, it is a nirX gene encoding a NtrX protein having the amino
acid sequence of SEQ ID NO: 1 or an active homologue thereof encoding a NitrX
protein having a amino acid sequence with at least 50 %, 60%, 70%, 75%, 80%, 85%,
90% or 95% of identity with SEQ ID NO: 1 which is deleted.
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Preferably, the bacterial strain is genetically engineered so as to delete or to inactivate
the ntrX gene.

Advantageously, only the ntrX gene is inactivated or deleted.

In one embodiment, the vaccine composition comprises a bacterial strain with a

deleted nirX gene.

In this embodiment, the bacterial strain is a mutant strain from a bacterial strain,
preferably a wild and/or pathogen strain, wherein the nirX gene has been deleted.
The deletion of a gene can be carried out by any methods known by the skilled
person.

In one embodiment, the nirX gene which is a ntrX gene encoding a NtrX protein
having the amino acid sequence of SEQ ID NO: 1 is deleted.

In another embodiment, the ntrX gene which is an active homologue thereof encoding
a NtrX protein having a amino acid sequence with at least 50 %, 60%, 70%, 75%,
80%, 85%, 90% or 95% of identity with SEQ ID NO: 1 is deleted.

In another embodiment, the vaccine composition comprises a bacterial strain with an
inactive nirX gene. An inactive ntrX gene may be a nirX gene which encodes a non
functional NtrX protein or no NtrX protein at all.

In this embodiment, the bacterial strain is a mutant strain from a bacterial strain,
preferably a wild and/or pathogen strain, wherein the nirX gene has been inactivated.

The inactivation of a gene can be carried out by any methods known by the skilled
person.

By way of example, inactivation of said nirX gene can be obtained by mutagenesis
and selection of the mutants having lost the NirX protein activity. Mutagenesis can be
performed for instance by targeted deletion of a portion of ntrX coding sequence or by
targeted insertion of an exogenous sequence within said coding sequence.
Mutagenesis may be also a deletion, an insertion or a replacement of at least one



WO 2019/057909 PCT/EP2018/075634

10

15

20

25

nucleic acid. For example, the inactive mutant of a nirX gene may be a nirX gene
wherein a codon stop is inserted or wherein a region is deleted and/or rearranged.
The inactive mutant of a nirX gene may also be a nirX gene wherein at least one
nucleic acid has been inserted, for example an inactivating point mutation or an

insertion leading to a frameshift mutation.

The inactivation can also be performed by random chemical or physical mutagenesis,
followed by screening of the mutants within the nirX gene. Methods for high
throughput mutagenesis and screening are available in the art.

Preferably, a strain with an inactive nirX gene is a strain wherein the nirX gene is not
expressed.

In one embodiment, the inactive nirX gene is an inactive mutant of a nirX gene

encoding a NirX protein having the amino acid sequence of SEQ ID NO: 1.

In another embodiment, the inactive nirX gene is an inactive mutant of an active
homologue of a ntrX gene encoding a NirX protein having the amino acid sequence of
SEQ ID NO: 1 ; said active homologue encodes a NtrX protein having a amino acid
sequence with at least 50 % of identity with SEQ ID NO: 1.

Preferably, said active homologue of a nirX gene encoding a NtrX protein having the
amino acid sequence of SEQ ID NO: 1 encodes a NitrX protein having a amino acid
sequence with at least 60%, at least 70%, more preferably at least 75%, more
preferably at least 80%, more preferably at least 85%, even more preferably at least
90%, and most preferably at least 95% sequence identity with SEQ ID NO: 1.

In one embodiment, the bacterial strain with a deleted or an inactive a ntrX gene is an
Alphaproteobacteria strain, preferably a Rickettsiales strain, more preferably an
Anaplasmataceae strain.

Anaplasmataceae are genetically related small Gram-negative pleomorphic cocci.
Anaplasmataceae comprises the strains of genus selected from the group consisting
of Anaplasma, Ebhrlichia, Neorickettsia, and Wolbachia. Anaplasmataceae are
obligatory intracellular bacteria which are mainly transmitted by arthropods, most
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frequently ticks, lice and mites, and cause major illnesses such as ehrlichiosis and

anaplasmosis.

Vaccines directed against strains of Anaplasmataceae remain limited. In particular,
only few cases of live attenuated vaccine directed against Anaplasmataceae have
been reported and the possible mechanism of attenuation of such strains has been
studied in only few cases.

For example, in an attempt to produce live attenuated vaccines against Ehrlichia
ruminantium, a tick-borne intracellular pathogen of ruminants that causes heartwater,
3 attenuated strains from Guadeloupe (Gardel), South Africa (Welgevonden) and
Senegal have been generated in vitro by passaging the virulent bacterium in bovine
endothelial cells, in addition to canine macrophage-monocyte cells for Welgevonden
strain (Jongejan 1991; Zweygarth et al. 2005; Pilet et al. 2012; Marcelino et al. 2015).

However, usage of these attenuated strains as vaccines has remained limited due to
constraints associated with storage (no cold chain disruption) and intravenous
administration. Their mechanisms of attenuation are unknown which is problematic
considering the risk of virulence recovery. Moreover, attenuated vaccines, as for any
other vaccine against heartwater, protect against homologous challenges but confer
limited protections against heterologous strains and co-occurrence of different strains
in infected animals is common (Zweygarth et al. 2005; Frutos et al. 2006).

Thus, it is also an object of the invention to provide, in at least one embodiment, a
vaccine against disease caused by Anaplasmataceae and in particular against
ehrlichiosis.

In particular, it is an object of the invention to overcome at least some of the
deficiencies of the existing therapies and prophylaxis of disease caused by
Anaplasmataceae.

In order to overcome the drawbacks of the prior art vaccines against
Anaplasmataceae, the present invention provides a vaccine composition comprising
an Anaplasmataceae strain with a deleted or an inactive ntrX gene.

As shown in the table 2 below, the NirX protein is highly conserved among the
Anaplasmataceae family from 84% to 93% of identity.
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Thus, the inactive ntrX gene may be an inactive mutant of a nfrX gene encoding a
NtrX protein having the amino acid sequence selected from the group consisting of
SEQ ID NO:1, SEQ ID NO:2, SEQ ID NO:3, SEQ ID NO:4, SEQ ID NO:5, SEQ ID
NO:6, SEQ ID NO:7, SEQ ID NO:8, SEQ ID NO:9 and SEQ ID NO:10.

In one embodiment, the inactive nirX gene may be an inactive mutant of a nirX gene
encoding a NtrX protein having at least 50%, 60%, 65%, 70%, 75%, 80%, 85% 90%
or 95% of the amino acid sequence selected from the group consisting of SEQ ID
NO:1, SEQ ID NO:2, SEQ ID NO:3, SEQ ID NO:4, SEQ ID NO:5, SEQ ID NO:6, SEQ
ID NO:7, SEQ ID NO:8, SEQ ID NO:9 and SEQ ID NO:10.

In another embodiment wherein the nirX gene is deleted, it is a nirX gene encoding a

NtrX protein having the amino acid sequence selected from the group consisting of
SEQ ID NO:1, SEQ ID NO:2, SEQ ID NO:3, SEQ ID NO:4, SEQ ID NO:5, SEQ ID
NO:6, SEQ ID NO:7, SEQ ID NO:8, SEQ ID NO:9 and SEQ ID NO:10 which is
deleted.

In one embodiment, the deleted ntrX gene may be a nirX gene encoding a NtrX
protein having at least 50%, 60%, 65%, 70%, 75%, 80%, 85% 90% or 95% of the
amino acid sequence selected from the group consisting of SEQ ID NO:1, SEQ ID
NO:2, SEQ ID NO:3, SEQ ID NO:4, SEQ ID NO:5, SEQ ID NO:6, SEQ ID NO:7, SEQ
ID NO:8, SEQ ID NO:9 and SEQ ID NO:10.

In a preferred embodiment, the bacterial strain is selected from the group consisting of
Anaplasma strain, Ehrlichia strain, Wolbachia strain and Neorickettsia strain.

In a preferred embodiment, the bacterial strain is an Ehrlichia strain.

The Ehrlichia strain may be selected from the group consisting of E. canis, E.

chaffeensis, E. ewingii, E. muris, and E. ruminantium.

Among the species of the genus Ehrlichia, some are species pathogenic for humans
and animals such as E. chaffeensis, responsible for Human monocytic ehrlichiosis or
E. canis, the causing agent of canine monocytic ehrlichiosis.
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Ehrlichia ruminantium, is also pathogenic. This tick-borne intracellular pathogen of
ruminants that causes heartwater. Heartwater is an economically important tropical
disease of ruminants. It can cause up to 80% mortality in susceptible animals. This
disease is present in Sub-saharan Africa, islands in the Indian Ocean and the
Caribbean, and is threatening the American mainland. It is listed within the 12™ most
important transboundary animal diseases for US homeland security department.

Preferably, the Ehrlichia strain is an E. ruminantium strain.

E. ruminantium strain may be selected from the group consisting of Senegal, Gardel

and Welgevonden E. ruminantium strains.
Preferably, the E. ruminantium strain is a Senegal E. ruminantium strain.

In one embodiment, the vaccine composition comprises a bacterial strain which is not

an E. ruminantium strain.

In one embodiment, the vaccine composition comprises a bacterial strain which is not

a Senegal E. ruminantium strain.

In one embodiment, the vaccine composition comprises a bacterial strain which is not

an E. canis strain.

In one embodiment, the vaccine composition comprises a bacterial strain which is not

a E. canis Israel strain.
In another embodiment, the bacterial strain is not an Anaplasmataceae strain.

The bacterial strain may also be selected from the group consisting of a Rickettsia
strain, an Orientia strain, a Bartonella strain and a Brucella strain.

Typically, the vaccine composition may comprise a pharmaceutically acceptable

excipient.

If desired, the vaccine composition according to the invention may also comprise an
adjuvant. Examples of suitable compounds and compositions with adjuvant activity
are well known in the art. Adjuvant may be for example selected from the group
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consisting of: inorganic adjuvants, organic adjuvants, oil-based adjuvants, cytokines,
particulate adjuvants, liposomes, virosomes, bacterial adjuvants, synthetic adjuvants,
synthetic polynucleotides adjuvants, immunostimulatory oligonucleotides containing
unmethylated CpG dinucleotides and a combination thereof.

In addition to the live attenuated bacterial strain, the vaccine composition can also
comprise one or more additional active immunizing agent in order to produce a
vaccine composition capable of inducing immunity against a number of different
pathogens. The vaccine composition may comprise several live attenuated bacterial

strains.

Method of treatment

The present invention also relates to a vaccine composition according to the invention
for use to induce an immune response against a bacterial strain, in particular an

Anaplasmataceae strain.

As discussed above, the inventors have found that by inactivating the ntrX gene in a
wild bacterial they obtain a live strain with an attenuated virulence which induces a
protective immune response against the wild bacterial strain in the subject in which it

is administered.

As used herein, "subject" refers to a human or animal that may benefit from the

administration of a vaccine composition as recited herein.

The subject may be a human or a non human animal. For example, the non human
animal is selected from the group consisting of a bovine, an ovine, an equine, a feline,

a caprine or a canine.

The present invention also relates to a method for inducing an immune response
against a bacterial strain, preferably an Anaplasmataceae strain, in a subject in need
thereof comprising administering to said subject an effective amount of the vaccine

composition of the invention.

The present invention also relates to a vaccine composition according to the invention

for use as a vaccine, preferably a prophylaxis vaccine.
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The inventors have shown that administering to a subject a vaccine composition
comprising bacterial strain attenuated by the inactivation or the deletion of the nirX
gene prevents or alleviates the effects of an infection caused by the wild bacterial
strain.

Also provided, a method for protecting or treating a subject against disease caused by
a bacterial strain comprising administering to said subject a bacterial strain with a
deleted or inactive ntrX gene.

In a preferred embodiment, the vaccine composition is for use in preventing and/or

treating an infection caused by bacterial strain, preferably an Anaplasmataceae strain.

The infection caused by an Anaplasmataceae strain is preferably ehrlichiosis or
anaplasmosis, more preferably ehrlichiosis.

In order to prevent and/or treat an infection caused by a given wild bacterial strain, it
would be preferred to use a vaccine composition comprising the given bacterial strain
which has been attenuated by deleting or inactivating its ntrX gene thereby providing
an attenuated mutant strain of the given bacterial. For example, for preventing or
treating ehrlichiosis, it would be preferred to use an Ehrlichia strain with a deleted or
an inactive nirX gene. In the same way, for preventing or treating ehrlichiosis caused
by Senegal Ehrlichia strain, it would be preferred to use a Senegal Ehrlichia strain
with a deleted or an inactive nirX gene.

In another embodiment, in order to prevent and/or treat an infection caused by a given
bacterial strain, it could be use a vaccine composition comprising a bacterial strain
close from the given bacterial strain, for example a strain from the same genus or

species, with a deleted or inactive ntrX gene.

In yet another aspect, the present invention relates to a method for preventing and/or
treating a subject in need thereof against an infection caused by a bacterial strain
comprising administering to said subject an effective amount of the vaccine

composition of the invention.

The vaccine composition may be administered by intramuscular, intradermal,

subcutaneous or intranasal inoculation or injection. The vaccine composition is
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administered in an amount, which is effective to protect the subject against challenge,
by a virulent bacterial strain. This amount may vary according to the subject being
inoculated, taking into consideration the size and weight of the subject. The vaccine
composition according to the invention comprises preferably an effective dosage of
the live attenuated bacterial strain as the active component, i.e. a sufficient amount of
the bacterial live attenuated strain that will induce immunity in the vaccinated subjects,
against challenge by the corresponding virulent bacterial strain.

Method for producing a vaccine composition

In yet another aspect, the present invention provides the use of a bacterial strain,
preferably an Anaplasmataceae strain, with a deleted or inactive nirX gene for the

manufacture of a vaccine.

The present invention also relates to a method for producing a vaccine composition
for use as a vaccine against a bacterial strain comprising a step of:

- inactivating or deleting the ntrX gene of the bacterial strain, thereby obtaining an
attenuated bacterial strain.

Preferably, the bacterial strain is an Anaplasmataceae strain.

Examples of Anaplasmataceae strain are given herein above. In a preferred
embodiment, the Anaplasmataceae strain is an Ehrlichia strain.

The Ehrlichia strain may be selected from the group consisting of: E. canis, E.

chaffeensis, E. ewingii, E. muris, and E. ruminantium.

The nirX gene of the bacterial strain may be deleted or inactivated for example by
mutation. Thus, the nirX gene may be mutated by point mutation, by insertion or by
deletion of one or more nucleotides so as to for example interrupting the open reading
frame of the nirX gene.

Techniques of inactivation of a gene are well known from the person skilled in the art.
Techniques which may be used to inactivate the ntrX gene, may be for example site
directed mutagenesis or homologous recombination. It also includes the use of
molecules that trigger preferentially the ntrX gene for inactivation.
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The method for producing a vaccine composition may also comprise a step of mixing
the attenuated strain with a pharmaceutically acceptable excipient.

The method for producing a vaccine composition according to the invention can also
comprise steps conventionally used in the manufacture of the commercially available

vaccine composition based on live attenuated strains.

The invention will be further illustrated by the following figures and examples.
However, these examples should not be interpreted in any way as limiting the scope

of the present invention.
FIGURES

Figures 1.and 2 show an evidence of gene conversion between ntrX and its inverted
duplicate.

Figure 1 shows an alignment showing the duplicated region (top four rows) of ntrX
gene and the matching parental nirX region (next four rows) in Welgevonden, Gardel
and Senegal virulent and attenuated strains and in E. chaffeensis (last row) where
there is no inverted duplicate. Alignment positions that show a closer relationship
between ntrX and the duplicate within a strain than between strains, including the 4bp
deletion in Senegal strain are bordered by boxes.

Figure 2 shows a phylogram (left) depicting the expected relationship between nirX
and its duplicate (star) given that it is present in all E. ruminantium strains. The
structure of the phylogram is based on the interstrain relationship reconstructed in the
maximum likelihood phylogeny (right) by concatenating 54 orthologous ribosomal
proteins from the strains and E. chaffeensis.

EXAMPLES

Material and Methods:

Genomics

DNA extraction and purification



WO 2019/057909 PCT/EP2018/075634

10

15

20

25

30

18

Ehrlichia ruminantium Senegal strain passage 7 (80% lysis at day 21 p.i.) and 63 and
64 (80% lysis at day 7 p.i.) were cultured in Bovine Aortic endothelial cells as
previously described for Gardel strain (Marcelino et al. 2005). When 80% lysis had
occurred, supernatant and cellular debris were collected and centrifuged for 15
minutes at 4,000g at 4°C to remove cellular debris. The supernatant was then
centrifuged for 30 minutes at 20,000g at 4°C in order to collect elementary bodies and
remove the supernatant. The pellet was resuspended in 2ml of cold PBS and
homogenized gently then 20 ml of PBS was added to wash it, followed by
centrifugation for 30 minutes at 20,0009 at 4°C. The pellet was resuspended in 350pl
PBS and 10ul of RNase at 10mg/ml (SIGMA, Lyon, France) and 150ul of DNase |
(Roche, Boulogne-Billancourt, France) were added. The pellet was incubated at 37°C
for 90 minutes and the reaction was stopped by adding 25ul 0.5M EDTA, pH8. The
DNase and Rnase were removed by centrifugation for 15 minutes at 20,000g at 12°C
followed by a wash with 900ul of sterile DNase and RNase free water. Cells were
centrifuged under the same conditions and the washing step was repeated twice.
Lysis of elementary bodies was performed by adding 500ul of lysis solution (0.1M
TRIS-HCI (pH8), 0.15M NaCl, 0.025M EDTA (pH8), 1.5% SDS, 0.3 mg/ml Proteinase
K) followed by Incubation for 120 minutes at 55°C. DNA extraction was performed
using phenol/chloroform (Perez et al. 1997) as follows: 500ul of phenol (Eurobio,
Courtaboeuf, France) was added to 500pl of sample and mixed gently to homogenize
followed by centrifugation for 5 minutes at 8000 g. The aqueous phase was collected
and an equivalent volume of phenol was added before centrifugation for 5 minutes at
8,000 g. The aqueous phase was collected and an equivalent volume of phenol
(Eurobiotech, France), chloroform and isoamylalcool (Prolabo, Normapur, France) in
24:24:1 proportion was added and mixed gently. The mixture was centrifuged for 5
minutes at 8,000g and the aqueous phase collected and mixed gently with an equal
volume of chroroform/isoamylalcool in 48:1 proportion. The mixture was centrifuged
for 5 minutes at 8,000g and the supernatant was collected and precipitated in ethanol
(Prolabo, Normapur) by adding 2 volumes of absolute ethanol for 1 volume of the
collected sample. The sample was stored at 4°C for one hour in order to obtain a
white precipitate which was then centrifuged for 10 minutes at 10,0009 at 10°C. The
supernatant was removed and the pellet resuspended in 1 ml of 75% ethanol followed
by centrifugation for 5 minutes at 10,000g. The supernatant was removed and the
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pellet air dried. The pellet was resuspended in 25ul of TE buffer (10mM TRISpHS,
1mM EDTA pHB8). DNAs from Senegal passage 7, 63 and 64 in TE buffer were stored
at —20°C before being used for further sequencing.

Genome sequencing and assembly

The genome of the virulent Senegal strain (passage 7) was sequenced using 454 GS
FLX technology. The attenuated strain (passage 63 & 64) was sequenced using 454
GS FLX technology and Sanger sequencing. Adapters for the 454 sequences were
clipped using NextGen Sequence Workbench v3.2.3 (“NextGen Sequence
Workbench” 2015), and reads were clipped for adaptors and quality scores according
to the information in the SFF sequence files as well as removing reads less than 25bp
long or those with an average quality score less than 16. Quality trimming was
performed for the Sanger sequences using NextGen Sequence Workbench v3.2.3
(“NextGen Sequence Workbench” 2015) with default settings (clip the reads in a 14bp
window until >63% have a quality score >= 20) and removing reads less than 25bp
long or those with an average quality score less than 16. The virulent strain was de
novo assembled using Mira 4.0.2 (Chevreux, Wetter, and Suhai 1999), resulting in 43
contigs larger than 1kb. The contigs were ordered according to the previously
published Welgevonden strain genome (Collins et al. 2005) using CONTIGuator
(Galardini et al. 2011), which mapped 42 of the 43 contigs to the Welgevonden
genome. The assembly was checked by realigning the reads onto the concatenated
assembly using Bowtie 2 (Langmead and Salzberg 2012) and checking any predicted
variants against the Welgevonden genome sequence (Collins et al. 2005). Duplicate
reads were removed using Picard (“Picard Tools” 2016), conversion between SAM
and BAM formats, sorting and mpileup was done using Samtools (Li et al. 2009) and
variants were called using BCFtools (Li et al. 2009) and viewed with Tablet (Milne et
al. 2013). Variant calls were manually examined in Tablet (Milne et al. 2013) and the
assembly was edited accordingly. The attenuated strain was mapped onto the
assembled virulent strain as described for remapping the virulent strain. Indels and
SNPs were identified with quality cutoffs of 50 and 20 respectively and manually
examined in the read alignment. Both genome assemblies were submitted to
Genbank (Accessions MQUJO0000000 for Ehrlichia ruminantium Senegal Virulent,
MRDCO00000000 for Ehrlichia ruminantium Senegalp63 attenuated).
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E. ruminantium RNA purification for RT-PCR

E. ruminantium Senegal attenuated (passage 63 and 66) and virulent (passage 7 and
11) were inoculated in 25 cm?® TC flask containing BAE cells as previously described
(Marcelino et al. 2005). The medium was changed at 24h and 72h for the attenuated
strain and at 24h and every two days, thereafter, for the virulent strain. Cell layers
were allowed to reach around 80-90% lysis and were mechanically harvested with a
scraper. Re-suspended cells were centrifuged at 4,500 x g for 30 minutes at 4 °C.
Supernatant was discarded and cells were re-suspended in 1 ml PBS. Cells were then
centrifuged at 10,000 x g for 10 minutes and PBS was removed. Pellets were stored
at -70°C until RNA purification. Cell pellets were allowed to thaw for 5 minutes in ice
and RNA was purified using the SV total RNA isolation system (Promega Corporation,
Wisconsin, USA). An additional DNAse treatment was added by using the rigorous
DNAse treatment with Turbo DNA-free (Ambion, Fisher Scientific, lllkirch, France),
which consisted in adding 0.5 pl of the DNAse, incubating for 30 minutes, and
repeating this procedure. RNA was immediately stored at -70 °C after inactivation of
the DNAse before ntrX RT-PCR.

RT-PCR of ntrX

The expression of the nirX in the virulent (passage 7 and 11) and attenuated
(passage 63 and 66) Senegal strains was determined using the primers ntrX qRT F1
(5'-GGAAAGATTGTATATTTCTG-3") (SEQ ID NO: 21) and ntrX gRT2 R1 (5-
ACCAGTAATGAGTATACGAC-3’) (SEQ ID NO: 22) that amplify a 517 bp piece of the
ntrX gene. Amplifications were done using the OneStep RT-PCR kit (QlAgen,
California, USA) with the following conditions: one Reverse transcriptase cycle at 50
°C for 30 minutes, a denaturating cycle at 95 °C for 15 minutes for activation of
HotStart Taq, 35 cycles with a denaturating step 95 °C for 1 minute, an annealing step
at 50 °C for 1 minute, and an amplification step at 72 °C for 1 minute, followed by an
amplification cycle of 72 °C for 10 minutes. DNA from E. ruminantium Senegal
passage 6 was used as positive control. Products were run in agarose gel and bands
were visualized with SYBR safe.

Distance of E. muris and Senegal strain intergenic regions
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The Senegal strain genome was aligned to the Ehrlichia muris genome using Mauve
2.3.1 (Darling et al. 2004) and intergenic regions were output from the alignment
based on the E. muris annotation. Distances were calculated between the aligned
intergenic regions using the TN93 model (Tamura and Nei 1993) in the APE package
(Paradis, Claude, and Strimmer 2004) in R version 3.2.3 (R Core Team 2015) where
at least 30 bases could be aligned, resulting in 364 intergenic distances between
Senegal strain and E. muris. The distance between the nirX gene from E. muris and
the duplicate from Senegal strain was measured in the same way for comparison with

the intergenic regions.

Vaccination

Preparation of the inoculum
A. Preparation of the purified supernatant

As soon as 80% of lysis of cells is reached with a synchronous infection
corresponding to 5 days of culture of Senegal passage 68, the supernatant with the
cellular debris was passed in a syringe 26G3/8. The totality of the supernatant was
collected and centrifuged for 15 minutes at 3000rpm. Then, the supernatant was
recovered without removing the cellular pellet.

500ul of the supernatant was tested in order to evaluate the viability of the sample.
One part of the purified supernatant has been used to infect endothelial cell TC flask
in order to control the infectivity of the inoculum 14 ml were at 4°C before inoculation.

B Evaluation of the viability using The LIVE/DEAD BacLight™ Bacterial Viability
Kits (ThermoFisher Scientific)

The purified supernatant was washed in 15ml of physiological serum and then
centrifuged 30min at 20,000g at 4°C. It has been suspended again in 500ul of
physiological serum, passed in a syringe. 1.5ul of Syto9 and Propidium lodide was
added. It was incubated 15min then counted on a slide and passed in a flow
cytometer. It was counted in a Neubeaur chamber in triplicate 8 squares each time.
The final concentration was obtained by multiplication by the factor 1.6*10°. There was
no dilution factor.
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Infection of the animals

Naive goats were injected intravenously with the following doses of elementary bodies
of live attenuated Senegal strain passage 64. The calibrated doses which reproduce
natural challenge for virulent strain (between 10 and 12 days before hyperthermia and
dead between day 12 and 15 after infection) is comprised between 3 10*an 9 10 * live
elementary bodies per goat (Vachiery et al, 2006). For this experiment, we decided to
use a lethal dose and ten times the lethal dose using 9 10* and 9 10° live elementary
bodies per goat.

Goat number .
Challenge Doses (Live elementary body
number)

0615 910°

0636 910°

0803 910°

Preparation of inoculum depending on the viabilities and concentrations which were
found.

Viability

From the cell culture supernatant we measured 5.89 10° elementary bodies /ml on
neaubeaur counting cell. The percentage of viability was measured by flow cytometry
and we obtained 40% of viability. The number of live elementary bodies was 2.35 10°
CE live/ml. The supernatant was diluted in fresh cell culture medium to get 9 10* and
9 10° elementary bodies in a final volume of 2ml.

Monitoring of animals:

Clinical signs were checked every day in order to score the severity of the disease. A
serology targeting MAP-1 antibodies was done one time a week and one blood
sample were taken daily.
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Results:

Virulent and attenuated Senegal strains genomic differences: SNPs and Indels

The variants found between the virulent and attenuated strains are shown in Table

below.
5

Passage Days to lyse Virulence
4 5 Virulent
4 8 Virulent
4 >8 Virulent
4 >10 Virulent
5 6 Virulent
5 >7 Virulent
5 5 Virulent
6 14 Virulent
6 14 Virulent
6 >7 Virulent
6 7 Virulent
6 >5 Virulent
7 4 Virulent
7 4 Virulent
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7 6 Virulent

7 6 Virulent

8 6 Virulent

8a 6 Virulent

8b 6 Attenuated
65 4 Attenuated
68 5 Attenuated
69 5 Attenuated
70 5 Attenuated
70 4 Attenuated
71 4 Attenuated
73 4 Attenuated
74 4 Attenuated
74 4 Attenuated
75 5 Attenuated
75 4 Attenuated
76 4 Attenuated

Table: Days for lysis of virulent and attenuated Senegal strain passages

We identified only two SNPs and three indels between the virulent and attenuated
Senegal strains. The SNPs occur in the glyA (ERGA_CDS_07110 ortholog), a serine
hydroxymethyltransferase involved in the interconversion of serine and glycine as well
5 as tetrahydrofolate production, and the ERGA_CDS 07720 ortholog, a putative M16
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protease. Both SNPs are non synonymous. The indels occur in a hypothetical gene
(ERGA_CDS 01780 ortholog), the response regulator of the putative nitrogen-
sensing two-component system, nirX (ERGA_CDS_06840 ortholog) and map7-2
(ERGA_CDS_09130 ortholog), a member of the map? family of outer membrane
proteins. The hypothetical gene and nirX both contain a 4bp deletion, while the map1-
2 gene contains a 2bp insertion. The map1-2 gene appears to be a pseudogene in the
virulent Senegal strain and the result of the insertion is to restore the open reading
frame of the gene in the attenuated strain, making it a possible gain of function
mutation. The hypothetical protein contains a Patatin domain and has sequence
similarity to other patatin-like phospholipase family proteins that have lipolytic activity
(Banerji and Flieger 2004).

Candidate mutations for Senegal strain attenuation

The two nonsynonymous SNPs and the three indels identified between the virulent
and attenuated Senegal strains provide a small number of candidates to explain the
attenuation process in this strain.

The glyA gene is involved in the interconversion of serine and glycine, and is
necessary for virulence in Salmonella Typhimurium and Brucella species (Kdhler et al.
2002; Xiang, Zheng, and He 2006; Jelsbak et al. 2014). However, the attenuation in
Brucella suis was obtained by Tn5 insertion to knock out the gene, and in the case of
the SNP in our data, the protein is still probably produced. The substituted amino acid
lies near the end of the protein (position 388/421) and outside of any predicted
domains. An alignment of glyA in several Rickettsial species shows that while most of
the protein is well conserved, the portion where the mutation occurs is variable across
the species suggesting that the region is not vital for protein function.

The map1-2 gene is a member of a multigene family of Major Antigenic Proteins in the
Anaplasmataceae, Pfam PF01617 (Dunning Hotopp et al. 2006), which are surface
exposed and have been identified as potential vaccine targets (Bekker et al. 2002).
Some members of these map genes have been experimentally characterized as
porins (Huang et al. 2007) and are suspected to be involved in host cell adhesion
(Garcia-Garcia et al. 2004; Park, Choi, and Dumler 2003). Thus, its mutation appears
to be a potential candidate for attenuation. However, a study of the map7-2 gene in
several different strains of E. ruminantium failed to provide evidence of transcription of

this gene in any of the strains they tested (Senegal virulent and attenuated, Gardel,
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Welgevonden and Sankat 430) in either ticks or bovine endothelial cells (Bekker et al.
2002). A different study did however report the transcription of the map7-2 gene in
Welgevonden (van Heerden et al. 2004). The map7-2 gene contains a 2bp deletion in
the Senegal virulent strain (presumably rendering it non-functional) that is reverted in
the attenuated strain. Curiously, the deletion is not present in a previous study using a
different isolate of the virulent Senegal strain (Bekker et al. 2005). Examination of the
reads covering this indel in our data revealed that they fully support the deletion in the
virulent Senegal, while it is not present in any reads in the attenuated strain. This
result suggests that this deletion may be unique to the virulent strain sequenced in
this study. The lack of detectable transcription of the gene in some strains (Bekker et
al. 2002) and the fact that the complete map7-2 sequence is present in several other
virulent strains of E. ruminantium including another Senegal isolate makes the
reversion insertion unlikely to be the cause of attenuation of the Senegal strain.

The patatin domain-containing protein (ERGA_CDS_01780 ortholog) may play a role
in the virulence of E. ruminantium, as patatin-like phospholipase proteins are
putatively involved in host cell entry in Rickettsia (Rahman et al. 2010). Phospholipase
proteins have been identified as virulence factors secreted by the Type |l secretion
system in Pseudomonas aeruginosa (ExoU), and the Type IV-B secretion system in
Legionella pneumophilia (VipD) (Rahman et al. 2010). Bacterial pathogens also tend
to contain more patatin-like-proteins than non-pathogens (Banerji and Flieger 2004),
suggesting possible roles in virulence. However, their presence in non-pathogens also
shows that patatins are not always involved in virulence functions. The indel in the
attenuated strain is close to, but outside of the predicted patatin domain, suggesting
that the phospholipase activity might be maintained, but making the result of the indel
unsure in terms of its effect on the function of the protein. Proteolysis can play roles in
virulence at various levels in bacterial pathogens (Frees, Brondsted, and Ingmer
2013), and although we could find no evidence for a known role of proteases from the
M16 family in bacterial virulence, proteases from this family in Toxoplasma gondii
have been suggested to play a possible role in host invasion by the parasite (Laliberté
and Carruthers 2011).

Consequently, the only attenuation candidate is the nirX gene containing the 4bp
deletion because it is the response regulator of one of only three two-component

systems in E. ruminantium that are responsible for global regulation of various
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bacterial systems (Cheng et al. 2006; Kumagai et al. 2006; Cheng, Lin, and Rikihisa
2014). Two-component systems are involved in sensing of environmental or cellular
signals and the downstream expression of genes, allowing bacteria to coordinate their
gene expression in response to their environment or cellular state. During infection,
bacterial pathogens need to efficiently coordinate their metabolic activities with their
virulence to allow for maximization of their growth and successful attack on the host
cells, while avoiding host defences. Signals such as the availability of nutrients or
metabolites may inform the bacteria of the optimal time to produce virulence factors,
and the regulation of many bacterial virulence factors is linked with nutrient availability
(Somerville and Proctor 2009; Barbier, Nicolas, and Letesson 2011). NtrX lies at the
crossroads of environmental sensing and gene expression and is therefore the ideal
candidate to explain attenuation because perturbations to the NtrY/X system are likely
to have major consequences for the growth, survival and the coordination of bacterial
metabolism and virulence. Furthermore, ntrX as the attenuator explains the apparently
biased nature of attenuation in the Senegal strain as compared to other E.
ruminantium strains due to its genomic context, which will be discussed later.

The nirX gene is disrupted by segmental gene conversion from a nearby inverted

partial nirX duplication in attenuated Senegal strain

A segment of the nirX gene has been duplicated in all E. ruminantium genomes for
which there is available genome sequence data. The duplicated section is inverted
and covers 421bp close to the 5' end of ntrX (not including the start codon), and lies
roughly 2kb downstream of the nirX gene itself. The alignment between the nirX and
the duplicate region reveals that the 4bp deletion identified in the nirX gene in the
Senegal attenuated strain is also present in the duplicated segment in both the
attenuated and virulent strains of Senegal, but not in any of the other strains. The 4bp
deletion in ntrX in the attenuated strain causes a frameshift between the domain
regions for the response regulator receiver domain and the sigma factor interaction
domain, which introduces a stop codon that disrupts the gene. There are also seven
other mutations across the sequenced strains between nirX and its duplicate that
exhibit a pattern that is incongruent with the expected phylogeny .At these residues,
the nirX gene and its duplicate are more similar within a strain than they are to their
orthologous positions in the other strains, a pattern that indicates gene conversion
(figures 1 and 2).
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NirX is expressed in Senegal virulent strain but not in the attenuated strain

To confirm the pseudogenisation of ntrX in the attenuated strain, we performed a RT-
PCR on RNA samples from the virulent (passage 7 and 11) and avirulent (passage 63
and 66) strains. RT-PCR resulted in the amplification of a 517 bp in one (Senegal
passage 11 and not Senegal passage 7) of the two virulent samples confirming the
expression of ntrX. No band was observed in either of the samples from the
attenuated strain indicating that ntrX gene is not expressed in the attenuated Senegal

strain.

Vaccination with the attenuated strain

After inoculation, the goats infected with the attenuated strain suffered from a slight
hyperthermia with no other clinical signs and all survived even with 10 fold lethal dose
of challenge. Consequently, the mutant E. ruminantium passage 64 is attenuated.

100% of goats infected with the attenuated strain and which were submitted to a
challenge with the virulent strain (E. ruminantium passage 7) survived, whereas all the
control goats, which were submitted to a challenge with the virulent strain without
having been previously infected with the attenuated strain, died.

These results show that a E. ruminatium with an inactive or deleted nirX gene
provides an efficient vaccine against ehrlichiosis.

Owing to the very high conservation degree of the nirX gene in the Anaplasmataceae
family (see table 1), these results apply to the other strains of the Anaplasmataceae

family.
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CLAIMS
1. A vaccine composition comprising a bacterial strain with a deleted or inactive
ntrX gene.
2. The vaccine composition according to claim 1 wherein said ntrX gene:

-encodes a NirX protein having the amino acid sequence of SEQ ID NO: 1
or

-is an active homologue thereof encoding a NirX protein having a amino acid
sequence with at least 50 % of identity with SEQ ID NO: 1.

3. The vaccine composition according to claim 1 or 2 wherein:
- the inactive nirX gene is an inactive mutant:

-of a nirX gene encoding a NtrX protein having the amino acid sequence of
SEQ ID NO: 1

or

-of an active homologue thereof encoding a NtrX protein having a amino acid
sequence with at least 50 % of identity with SEQ ID NO: 1

or
- the ntrX gene which is:

-a ntrX gene encoding a NirX protein having the amino acid sequence of SEQ
ID NO: 1

or

-an active homologue thereof encoding a NirX protein having a amino acid
sequence with at least 50 % of identity with SEQ ID NO: 1
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is deleted.
4, The vaccine composition according to any of claims 1 to 3 wherein:

- the inactive ntrX gene is an inactive mutant of a nirX gene encoding a NtrX protein
having the amino acid sequence selected from the group consisting of SEQ ID NO:1,
SEQ ID NO:2, SEQ ID NO:3, SEQ ID NO:4, SEQ ID NO:5, SEQ ID NO:6, SEQ ID
NO:7, SEQ ID NO:8, SEQ ID NO:9 and SEQ ID NO:10

or

- the nirX gene encoding a NtrX protein having the amino acid sequence selected
from the group consisting of SEQ ID NO:1, SEQ ID NO:2, SEQ ID NO:3, SEQ ID
NO:4, SEQ ID NO:5, SEQ ID NO:6, SEQ ID NO:7, SEQ ID NO:8, SEQ ID NO:9 and
SEQ ID NO:10 is deleted.

5. The vaccine composition according to any of claims 1 to 4 wherein said
vaccine composition comprises a pharmaceutically acceptable excipient.

6. The vaccine composition according to any of claims 1 to 5 for use to induce an

immune response against the bacterial strain.

7. The vaccine composition according to any of claims 1 to 6 for use as a
vaccine.
8. The vaccine composition according to any of claims 1 to 7 for use in

preventing and/or treating an infection caused by the bacterial strain.

9. The vaccine composition for use according to claim 8 wherein the bacterial
strain is an Ehrlichia strain and the infection caused by the bacterial strain is
ehrlichiosis.

10. The vaccine composition according to any of claims 1 to 5 or for use according
to any of claims 6 to 9, wherein the bacterial strain is an Alphaproteobacteria strain,
preferably a Rickettsiales strain, more preferably an Anaplasmataceae strain.
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11. The vaccine composition according to any of claims 1 to 5 or for use according
to any of claims 6 to 9, wherein the bacterial strain is selected from the group
consisting of an Ehrlichia strain, an Anaplasma strain, a Rickettsia strain, an Orientia
strain, a Bartonella strain and a Brucella strain, preferably Ehrlichia strain.

12. The vaccine composition according to any of claims 1 to 5 or for use according
to any of claims 6 to 9 wherein the bacterial strain is selected from the group
consisting of: E. canis, E. chaffeensis, E. ewingii, E. muris, and E. ruminantium,

preferably an E. ruminantium.

13. A method for producing a vaccine composition for use against a bacterial
strain comprising a step of:

- inactivating or deleting the ntrX gene of the bacterial strain, thereby obtaining an
attenuated bacterial strain.

14. The method for producing a vaccine composition according to claim 13
wherein the bacterial strain is as defined according to any of claims 10 to 12.
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