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Mycobacterium avium subsp. paratuberculosis (Map), the etiological agent of chronic enteri-
tis of the small intestine in domestic and wild ruminants, causes substantial losses to
livestock industry. Control of this disease is seriously hampered by the lack of adequate
diagnostic tools and vaccines. Here we report on the immunogenicity of eight Map specific
antigens, i.e. MAP1693c, Ag3, MAP2677c (identified by post-genomic and immunopro-
teomic analysis of Map secretome) and Ag5, Ag6, MAP1637c, MAP0388 and MAP3743
(identified by bioinformatic in silico screening of the Map genome). Strong, antigen-specific
IFN-vy responses were induced in mice vaccinated with plasmid DNA encoding MAP1693c,
MAP1637c, MAP0388 and MAP3743. In contrast, T cell responses in Map infected mice
were directed preferentially against Ag5 and to a lesser extent against MAP3743. None of
the tested DNA vaccines conferred protection against subsequent challenge with Map.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction Histopathological and clinical similarities between JD in

cattle and Crohn’s disease (CD) in humans lie at the basis

Mpycobacterium avium subsp. paratuberculosis (Map) is
the etiological agent of paratuberculosis also known as
Johne’s disease (JD). Map causes a chronic and incurable
infection of the small intestine of ruminants leading to
diarrhea, weight loss and death in both captive and free
ranging ruminants. Disease is prevalent worldwide (Harris
and Barletta, 2001; Nielsen and Toft, 2009) and causes
heavy economic losses due to reduced milk production
(Smith etal., 2009), veterinary expenses, reduced slaughter
value, infertility and premature killing of animals especially
in the dairy industry (McKenna et al., 2006; Ott et al., 1999).
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of the controversy on the implication of Map in the devel-
opment CD. However, it is still unclear whether Map is an
actual causal agent or just associated with CD (Economou
and Pappas, 2008; Feller et al., 2007; Uzoigwe et al., 2007).

It is generally accepted that IFN-y producing T cells
of the Th1 subset are responsible for restricting bacte-
rial multiplication in the early stage of Map infection. The
immune responses generated in the course of disease pro-
gression are somewhat less well characterized but immune
suppression induced by parturition and lactation is an
important factor (Karcher et al., 2008). The development of
the clinical phase associated with an increase in fecal Map
excretion and reduced systemic IFN-y responses, has been
correlated with the advent of a Th2 or regulatory (IL-10
and TGF-3) immune response, and an increase in anti-
body production (Stabel, 2006). Recently, Robinson et al.
(2011) analyzed the expression of a range of cytokines
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using quantitative mRNA PCR in jejunal lymph nodes of
experimentally challenged red deer. Whereas no difference
in expression was found in mucosal responses between
control, and minimally diseased animals, severely diseased
animals showed an elevated pro-inflammatory cytokine
expression profile, characterized by elevated mRNA levels
of gamma interferon, interleukin-1a and IL-17. In contrast,
transcripts indicative of an anti-inflammatory Th2 and Treg
response, e.g. IL-4, GATA-3, TGF-3 and Foxp3 were found
to be significantly reduced in the latter group. Unlike the
other Th1 cytokine IFN-vy, expression of IL-2 was dimin-
ished in severely diseased animals, which might explain
the reduced systemic T cell responses generally observed
during late-stage disease (Robinson et al., 2011). Likewise,
in infected cattle, expression of IFN-y, IL-22, and IL-17 was
increased in ileocecal lymph nodes from experimentally
and naturally infected animals as compared to expression
in ileocecal lymph nodes from negative control animals
(Allen et al., 2011).

The first generation vaccines against paratuberculosis
consist of whole bacteria, live or inactivated, formulated
in mineral oil. However, their use does not protect against
infection and they interfere with the skin test used in the
screening for bovine tuberculosis due to Mycobacterium
bovis, and with the indirect antibody and IFN-y ELISA
tests used for the diagnosis of paratuberculosis (Rosseels
and Huygen, 2008). Alternatives to these whole-cell based
vaccines are the so-called sub-unit vaccines, made up of
peptides or proteins (Perrie et al., 2008) or of plasmid
DNA (Romano and Huygen, 2009). Identifying immun-
odominant protein antigens that induce a strong Th1 type
immune response and confer protection in challenge mod-
els (mice and target species) is critical to the development
of sub-unit vaccines (Rosseels and Huygen, 2008).

Here, we have studied the vaccine potential of eight Map
antigens selected for Map specificity by two approaches.
Three antigens, i.e. Ag3, MAP2677c and MAP1693c were
previously identified by post-genomic and immunopro-
teomic analysis of the Map secretome (Leroy et al., 2007)
and five other antigens, i.e. Ag5, Ag6, MAP1637c, MAP0388
and MAP3743 were identified by in silico screening of the
Map genome for absence in other mycobacterial genomes
(Leroy et al., 2009). Immunogenicity of the eight Map anti-
gens was analyzed in plasmid DNA vaccinated mice and in
mice infected with Map and M. bovis. Moreover, we ana-
lyzed their protective potential as DNA vaccines in mice
challenged with luminescent Map by quantifying bacterial
replication in spleen and liver by luminometry, previously
shown to be a valid alternative to cumbersome colony
forming unit (CFU) plating (Rosseels et al., 2006b; Roupie
et al., 2008a, b).

2. Materials and methods
2.1. Antigen selection

MAP1693c, Ag3 and MAP2677c belong to a group of
25 Map specific antigenic proteins identified previously
in culture filtrate of Map (Leroy et al., 2007). Combination
of three of them, MAP1693c, MAP2677c and MAP4308c,
was shown to compete in performance with available

commercial assays. MAP1693c has also been identified
by Cho et al. (2007, 2006) to be a good candidate for an
indirect antibody detection ELISA. The selection of Ag5,
Agb, MAP1637c, MAP0388 and MAP3743 was based on
an in silico analysis of Map genome performed in 2003
(Leroy et al., 2009). Briefly, genomic sequences with no
significant homologies in other mycobacterial genomes
as analyzed by BLASTn and BLASTp/nr were identified
and three different T cell epitope prediction programs for
MHC class II (Feller and de la Cruz, 1991) and MHC class I
(Parker et al., 1994; Rammensee et al., 1999) were used to
select five antigens, predicted to be strongly immunogenic,
among eighty-seven in silico predicted MAP-specific ORF.

2.2. Blast analysis

BLASTp analysis for homology of protein sequence
was updated in May 2011 against all mycobac-
terial genomes available on the National Centre
for Biotechnology Information (NCBI) web site:
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi (Altschul
et al, 1997, 2005). To check for conserved protein
domains, CDD (Conserved Domain Data base) was used
at http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
(Marchler-Bauer et al., 2011). Details on sequence homol-
ogy and putative function of the 8 antigens is given in
Table 1.

2.3. Mice

Female BALB/c and C57BL/6 mice were bred in the Ani-
mal Facilities of the WIV-ISP (Site Ukkel), Belgium, from
breeding couples originally obtained from JANVIER SAS in
Le Genest Saint Isle, France. All animals were 6-8 weeks old
at the start of the experiments. We have previously shown
that these two mouse strains are susceptible to intravenous
Map infection and that multiplication of Map can be moni-
tored in spleen and liver (Roupie et al., 2008b).

2.4. Bacteria and crude antigens

Culture filtrate (CF-P) of M. avium subsp. paratuberculo-
sis (Map) ATCC 19698 was prepared from a culture growing
as a surface pellicle on synthetic Sauton medium supple-
mented with mycobactin | (2 pg/ml) (Synbiotics Europe)
at 39°C for 4 weeks as described previously (Rosseels
et al., 2006a). Culture filtrate of M. bovis strain AN5 (CF-B)
was obtained from cultures grown as surface pellicle for 2
weeks at 37° on synthetic Sauton medium. A M. bovis Puri-
fied Protein Derivative (PPD-B) preparation for intradermal
use (Bovituber) was purchased from Synbiotics Europe and
dialysed against PBS for phenol removal. Johnin (PPD-P)
was prepared from 6 to 8 week old cultures of strain Map
ATCC 19698 according to a standard protocol (Magnusson
and Bentzon, 1958).

2.5. Preparation of genomic DNA from M. avium subsp.
paratuberculosis ATCC 19698

Genomic DNA of M. avium subsp. paratuberculosis ATCC
19698 was prepared as described by Tanghe et al. (2001)
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Table 1

Presentation of the eight candidates: MAP numbers, molecular weight (kDa), genomic coordinates, the similarities and putative function determined by

BLASTP and CDD, the similarities with Mycobacterium avium subp. avium and with other mycobacteria. The Expect value (E) is given in brackets.

Identification Genes MW (kDa) Coordinates

Similarity/putative
function®

M. avium
subsp. avium

Other
mycobacteria

MAP1693c 18.3 1853529-1852963

Immuno

proteomics
Ag3? 26.1 3550028-3550747
MAP2677¢ 145 3013753-3014193¢
Ag5? 25 2383507-2384184

In silico Ag6? 15 886138-886530

MAP1637c¢ 52 1791069-1792508

MAPO0388 43.8 410761-411995¢

MAP3743 36.5 4178173-4179219

Peptidyl-prolyl Hypothetical M. parascrofulaceum
cis-trans protein (E=2e-6"), M. marinum
isomerase MaviaA2_.11126 (E=2e-61), M. intracellulare
(accession cl11587) (E=2e770) (E=1e-%0), M. ulcerans
(E=1e-38), M sp. MCS, KMS
and JLS (E=2e-%), M.
abscessus (E=6e~%), M.
vanbaalenii PYR-1
(E=1e-%3), M. smegmatis
(E=9e~%3), M. gilvum
(E=9e7%0),
None None None
Glyoxalase family Hypothetical M. smegmatis (E=7e~60),
(accession c111587) protein M. parascrofulaceum
MaviaA2_05535 (E=2e7%8), M. intracellulare
(E=7e70) (E=4e-58), M sp. MCS, KMS
and JLS (E=1e796), M.
vanbaalenii PYR-1
(E=9e"%)
Hypothetical None M. vanbaalenii (E=3e-39)
protein Mvan_3607
None None None
UbiD superfamily. Hypothetical M. intracellulare (E=1e~42),
(accession cl00311) protein M. abscessus (E=2e-%7)
MaviaA2.11436
(E=0)
Dyp-type None M. vanbaalenii PYR-1
peroxidase family (E=1e"180), M. sp. MCS
(accession c101607) (E=3e"176), M. sp. JLS
(E=4e-176), M. smegmatis
(E=1e"174), M. sp. Spyr1
(E=9e-172), M. gilvum
(E=9e-172),
Saccharopine None None
dehydrogenase
(COG1748),
putative
lipoprotein

2 Ag3, Ag5 and Ag6 are on the antisense strand on the genome. MAP3199, a member of the Ycel-like family highly conserved among mycobacteria, is
annotated on the genome sense strand and located on the reverse complementary strand of Ag3.

b Analysis by BLASTP and motif CDD analysis.

¢ MAP2677c and MAP0388 were respectively cloned with 42 and 45 additional nucleotides in the 5’ region of these genes and taking account for BLAST
values. The coordinates indicated in this table include this additional sequence.

for M. ulcerans and Roupie et al. (2008a) for Map. DNA was
stored at —20 °C until use.

2.6. Construction of the eight plasmid DNA vaccines

We first modified pV1].ns-tPA vector into pV1].ns-tPA-
His, by inserting a hexa-histidine tag coding sequence in
3’ of the Bglll restriction site of the pV1].ns-tPA vector
(Merck Research Laboratories, PA, USA) (Shiver et al.,
1995). The description of this modification by the cloning
of Ag5 (seq-2383507.2384184) into the pV1].ns-tPA
was described before (Roupie et al., 2008a). The result-
ing pV1].ns-tPA-His-Ag5 construct was digested with
Bglll/EcoRI, purified on agarose gel to separate the vec-
tor backbone from the Ag5 sequence, and used for the
cloning of the seven other antigens. Genes were cloned
as Bglll/EcoRl or Bglll/Munl-compatible EcoRl fragments
in pV1].ns-tPA-his. Briefly, genes were amplified by

PCR (Expand Polymerase; Roche) using M. avium subsp.
paratuberculosis ATCC 19698 genomic DNA as a template
and using primers described in Table 2 (Proligo, Sigma)
designed from the sequence of Map K-10 (Li et al., 2005).
After T4 ligation and transformation into DH5-a cells,
clones were screened on LB-kanamycin medium and plas-
mids were checked by restriction digestion and sequencing
(StarSEQ GmbH). Finally, sufficient amounts of these DNA
plasmids for vaccination experiments were purified
using the PureLink™ HiPure Plasmid DNA Gigaprep Kit
(Invitrogen).

2.7. Cloning, expression and purification of recombinant
proteins

The genes coding for histidine-tagged proteins were
cloned in Escherichia coli expression plasmid pQE-80L (Qia-
gen). Briefly, sequences were amplified by PCR (Expand

doi:10.1016/j.vetimm.2011.10.012
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Table 2

Primers used for the cloning of eight genes in DNA vaccine plasmid pV1].ns-tPA-His and in the recombinant protein expression plasmid pQE-80L. Restriction
enzymes used are indicated. Sense primers are listed first and antisense primers second, within primer pairs. All restriction sites are shown in bold except
for BamHI shown in bold and underlined, the histidine-tag sequence in italic, and the STOP codon highlighted.

Genes Primers for cloning in pV1J.ns-tPA-His Ell:zi(rine
MAP1693¢ 5’-TATATAGATCTTGACGGCTGTGAACTCCGT-3’ Bgl 11
5’-TATAGAATTCGGTCGTGGCGCCGAGGAT-3’ EcoR 1
AB 5’-GGAAGATCTTGGTGCCCGCATCACCCGTTC-3’ Bgl 11
5’-TATAGAATTCGATTCGCCACGACAGTTGGG-3’ EcoR 1
MAP2677¢ 5’-GGAAGATCTGCTTGGGCGACACCACA-3’ Bgl 11
5’-TATAGAATTCTACTTTGAACTTGGCCCGC-3’ EcoR 1
5’-TATAGATCTTGGATGGGCTCCGGC-3’ Bgl 11
Ag5 5°-TATGGATCCCTAGTGATGGTGATGGTGATGGAATTCGCTTCT BamH [
CACCGAATTTCGAAAGAATATC-3". EcoR 1
Ag6 5’-GGAAGATCTTACTTGTCCATCGAGCATCGGA-3’ Bgl 11
5’-TATAGAATTCACGTCCAGCGTGGCGGT-3” EcoR 1
MAP1637¢ 5’-GGAAGATCTTGCGCGATTACATCCAAACGCTG-3’ Bgl 11
5’-TATAGAATTCCAACGGCAACGCGGCCT-3’ EcoR 1
MAP0388 5’-GGAAGATCTTGCAACCGCCGGGGCGGGCGTGGCT-3" Bgl 11
5’-TATACAATTGTGACCGTTCGCCGAGCGCCGCGAGGTAT-3’ Mun 1
MAP3743 5’-GGAAGATCTTGGGTGGTGCGCACGTGAGGA-3’ Bgl 11
5’-TATAGAATTCCGGTACGGTCGCGGCCAGGA-3’ EcoR 1
Genes Primers for cloning in pQE-80L Elllliz:ine
MAP1693¢ 5’-TATATAGATCTGTGACGGCTGTGAACTCCGTCCG-3’ Bgl 11
5’-TATAAAGCTTCTAGGTCGTGGCGCCGAGGAT-3’ HindI1l
AD 5’-GGAAGATCTGTGCCCGCATCACCC-3’ Bgl 11
5’-TATAAGCTTCAGATTCGCCACGACAGTTGG-3’ Hindlll
MAP2677c 5’-GGAAGATCTTGCTTGGGCGACACCACA-3’ Bgl 11
5’-TATAAAGCTTTTATACTTTGAACTTGGCCC-3’ HindI11
Ags 5’-TATAGATCTTTGGATGGGCTCCGGCAGCTT-3’ Bgl 11
5’-TATAAGCTTCTACTTCTCACCGAATTTCG -3’ Hindlll
Ag6 5’-ATATGGATCCCTTCTTGTCCATCGAGCATCGGA-3’ quHI
5’-TATAAGCTTCTAACGTCCAGCGTGGCGGT -3’ HindIll
MAP1637¢ 5’-TATAGAGCTCGTGGCTGTATTTCGCGATTTGCGCGATT -3’ Sac 1
5’-TATACTGCAGCTACAACGGCAACGCGGCCTGCC -3° Pstl
MAP0388 5’-GGAAGATCTCAACCGCCGGGGCGGGCGTGGCTG-3” Bgl 11
5’-TATAAAGCTTCTATGACCGTTCGCCGAGCGCC-3’ Hindl11
MAP3743 5’-GGAAGATCTTTGGGTGGTGCGCACGTGAGGA -3’ Bgl 11
5’-TATAAAGCTTCTACGGTACGGTCGCGGCCAGGA -3’ HindI11

High Fidelity PCR System, Roche), from the corresponding
pV1].ns-tPA-His constructs. Primers used for cloning are
shown in Table 2.

The amplified sequences were digested with
BamHI/Hindlll, Bglll/Hindlll, or Sacl/Pstl (only for
MAP1637c), purified on agarose (QIAkit PCR Purifica-
tion kit, Qiagen) and T4 ligated into pQE-80L expression
vector digested with BamHI/HindIll or Sacl/Pstl. After
ligation and transformation into Top-10F chemically
competent E. coli cells (Invitrogen), clones were screened
on LB-ampicillin medium (100 pg/ml) and plasmid was
checked by restriction digestion and sequencing. Recom-
binant proteins, expressed in Top-10F E. coli cells as
his-tagged proteins and induced by IPTG, were purified by
affinity chromatography on immobilized nickel-chelate
(Ni-NTA) columns, as described previously (Rosseels et al.,
2006a).

2.8. Vaccination

BALB/c and C57BL/6 mice were vaccinated four times at
3 weeks intervals with pV1].ns-tPA-His plasmid encoding

each of eight antigens or empty vector as negative con-
trol. For DNA immunizations, mice were sedated with
ketamine/xylazine and injected intramuscularly in both
quadriceps muscles with 2 x 50 ug of pDNA. As a pos-
itive control, mice were vaccinated intravenously with
2 x 108 CFU of freshly prepared M. bovis BCG GL2, grown as
a surface pellicle on synthetic Sauton medium for 14 days.

2.9. Mycobacterium avium subsp. paratuberculosis
infection

Luminescent Map-S23 (Foley-Thomas et al., 1995),
obtained by transformation with the shuttle plasmid
pSMT1 (Rosseels et al., 2006b; Snewin et al., 1999), was
grown in Middlebrook 7H9 medium supplemented with
OADC, mycobactin ] (Allied Monitor Laboratories Inc.,
2 pg/ml) and hygromycin (100 pg/ml), to an 0.Dgponm
ranging between 0.6 and 0.8. Bacteria were centrifuged for
30min at 2150 x g and suspended in PBS to a concentra-
tion of 107 CFU/ml (8.5 x 106 RLU/ml). Mice were infected
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intravenously in a lateral tail vein with 0.2 ml of bacteria
and sacrificed 5 weeks post-infection.

2.10. M. bovis infection

Mice were inoculated intravenously with 1.3 x 106 CFU
of M. bovis AN5 grown for 2 weeks as a surface pellicle on
synthetic Sauton medium at 37 °C (stored as frozen stocks
at —80°). Animals were sacrificed 5 weeks post-infection.

2.11. Antibody ELISA

Sera from C57BL/6 and BALB/c mice were collected by
tail bleeding three weeks after the last DNA immuniza-
tion or 5 weeks after Map or M. bovis infection. Levels of
antigen-specific total immunoglobulin G (IgG), IgG1, IgG2a
and IgG2b antibodies were determined by an enzyme-
linked immunosorbent assay (ELISA) on individual sera.
The corresponding recombinant protein was used for coat-
ing (500 ng/well). Antibody isotypes were detected using
peroxidase-labeled rat anti-mouse immunoglobulin IgG,
IgG1, IgG2a, IgG2b (Experimental Immunology Unit, Uni-
versité Catholique de Louvain, Brussels, Belgium) and
orthophenylenediamine (Sigma) for revelation. Data are
presented as the optical density at 490 nm (0.D490nm ) for a
serum dilution of 1:400 for vaccinated mice, and of 1:100
for infected mice.

2.12. Cytokine production

DNA vaccinated mice were sacrificed 3 weeks after the
last immunization, optimal time for measuring immuno-
genicity in DNA vaccinated mice. M. bovis and M.
paratuberculosis infected mice were sacrificed 5 weeks after
infection. Spleens from three to four individual mice per
group were removed aseptically and homogenized by gen-
tle disruption in a Dounce homogenizer, and cells were
adjusted to 4 x 10 white blood cells/ml in RPMI-1640
medium (Gibco, Grand Island, NY) supplemented with 10%
fetal calf serum (FCS), 5 x 10~> M 2-mercaptoethanol, peni-
cillin, streptomycin and fungizone. In experiments in which
responses after infection were analyzed, indomethacin
(1 pg/ml; Sigma) was added to complete RPMI-1640 cul-
ture medium.

Cells were stimulated with purified recombinant anti-
gens (5 pg/ml), with Purified Protein Derivative (10 pg/ml)
from M. bovis (PPD-B) and from Map (PPD-P) and with cul-
ture filtrate (10 wg/ml) from M. bovis AN5 (CF-B) and from
Map (CF-P), incubated at 37°C in round-bottom, 96-well
microwell plates in a humidified CO, incubator. Culture
supernatants were harvested after 24 h for interleukin-2
(IL-2) assays and after 72 h for IFN-vy assays, when peak
values of the respective cytokines can be measured. Super-
natants were stored frozen at —20 °C until testing.

2.13. IFN-y ELISA

IFN-y activity was quantified by sandwich ELISA using
coating antibody R4-6A2 and biotinylated detection anti-
body XMG1.2 (both BD Pharmingen). The detection limit of
the IFN-y ELISA is 5 pg/ml. Antigen-specific cytokine levels

were considered positive when values were at least fivefold
higher than those of unstimulated cells.

2.14. IL-2 ELISA

IL-2 activity was quantified by sandwich ELISA
using coating antibody anti-mouse interleukine-2 (14-
7022, eBioscience) and biotinylated detection antibody
anti-mouse IL-2 (JES6-5H4, 13-7021, eBioscience). The
detection limit of the IL-2 ELISA is 5 pg/ml. Antigen-specific
cytokine levels were considered positive when values were
at least fivefold higher than those of unstimulated cells.

2.15. Mycobacterium avium subsp. paratuberculosis
challenge

Mice were challenged with luminescent Map 6 weeks
after the fourth DNA immunization or 12 weeks after BCG
vaccination, using the same protocol as described higher for
the Map infection experiment. Eight weeks after challenge,
mice were sacrificed and the number of bioluminescent
bacteria was determined in spleen and liver homogenates.
Fresh 1-ml spleen or liver homogenates were tested in
duplicate after erythrocyte lysis with respectively 40 .l
or 80 pl of zap-oglobin™ lytic reagent (Beckman Coulter)
to minimize quenching. Spleen homogenates were cen-
trifuged at 2150 x g for 15 min and liver homogenates for
30 min. Pellets were suspended in 1 ml PBS and tested for
luminescence in a Lumat LB 9507 Luminometer (Berthold
Technologies) as flash emission (15s integration time)
using 1% n-decanal (Sigma) in ethanol as substrate.

For statistical analysis (one way ANOVA, Tukey’s Multi-
ple Comparison Test, CI 95%), results obtained in Relative
Light Units (RLU)/spleen were converted to logqg values
(Rosseels et al., 2006b).

2.16. Counting the number of colony forming units (CFU)

The CFU number of the Map stock was determined by
plating serial tenfold dilutions in duplicate on 9 cm Petri
dishes on Middlebrook 7H11-OADC agar supplemented
with mycobactin J. Petri dishes were sealed in plastic bags
and incubated at 39°C for 8 weeks, before counting the
colonies visually.

3. Results
3.1. Homology of the eight selected antigens

Predicted function, predicted molecular weight and
sequence homologies in BLASTp to M. avium subsp. avium
and other mycobacteria of the eight selected antigens
is summarized in Table 1. MAP1693c and MAP2677c
show homology with M. avium subsp. avium and some
other mycobacteria, but not with M. bovis (respectively E-
values=9.9 and 0.009), in line with their initial selection
based on recognition by sera from Map infected but not
from M. bovis infected cattle. Ag3 (CF036) shows no homol-
ogy with any known mycobacterial peptide sequence
and remains apparently unannotated in all mycobacterial
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genomes despite the fact that it has been identified in cul-
ture filtrate of Map by Leroy et al. (2007).

MAP1637c, initially selected in 2003 in silico for
being absent from M. avium subsp. avium, has been
found to be identical with the hypothetical protein
MaviaA2.11436 (E-value=0) of M. avium subsp. avium
ATCC 25291 for which only contigs are available as of
now (see: http://www.xbase.ac.uk/taxon/Mycobacterium;
Chaudhuri etal., 2008). A very poor homology is found with
a metallophosphoesterase MAV3455 from M. avium subsp.
avium 104 (E-value=0.009, higher that the cut-off 103
used for selection in 2003). Ag6 and MAP3743 show no
homology with any of the known mycobacterial sequences,
whereas Ag5 and MAP0388 show some homologies with
other mycobacteria. None of the in silico selected proteins
has a significant E-value score with M. bovis.

3.2. Thi-type cytokine secretion in response to eight Map
antigens in plasmid DNA-vaccinated C57BL/6 mice and
BALB/c mice

C57BL/6 mice produced strong antigen specific IFN-
v responses following vaccination with DNA encod-
ing MAP1693c (31,993 415,482 pg/ml) and MAP1637c
(44,653 18,749 pg/ml) (Fig. 1A). Weaker responses were
found with DNA encoding MAP0388. The strongest
antigen-specific IL-2 level was detected in response to
MAP1637c (Fig. 1B). Only weak antigen-specific Thl
cytokine responses were induced by vaccination with the
other five plasmids.

DNA-vaccinated BALB/c mice produced very strong
antigen-specific IFN-y responses to MAP1637c and
MAP3743 (Fig. 1C) and somewhat weaker responses to
MAP1693c. Antigen-specific IL-2 levels were overall very
low in DNA-vaccinated BALB/c mice (Fig. 1D).

3.3. Specific antibody response in plasmid
DNA-vaccinated C57BL/6 and BALB/c mice

As shown in Fig. 2, significant levels of antigen-specific
antibody were induced in C57BL/6 mice in response to
MAP1693c and to a lesser extent to MAP2677c. DNA vac-
cinated BALB/c mice showed strong antibody responses to
MAP1693c¢ and MAP2677c and lower antibody responses
against three in silico identified antigens, i.e. Ag5, Ag6
and MAP1637c. Production of IgG2a and IgG2b antibod-
ies reflected the Th1 type cytokine profile induced by these
DNA vaccines.

3.4. Immune responses in BALB/c and C57BL/6 mice
infected with M. avium subsp. paratuberculosis S-23 or
M. bovis AN5

We next compared the immunogenicity and specificity
of the eight Map proteins in mice experimentally infected
with Map or M. bovis. As shown in Fig. 3, Map infected
C57BL/6 mice produced IFN-vy levels of comparable magni-
tude (between 10,000 and 15,000 pg/ml) upon stimulation
with culture filtrates and PPDs from both Map and M. bovis
(Fig. 3A). On the other hand, M. bovis infection of C57BL/6
mice induced a very robust IFN-y response to CF-B and

PPD-B from M. bovis (192,491 and 233,452 pg/ml respec-
tively) which was much higher than the response to CF-P
and PPD-P from Map (16,632 and 21,923 pg/ml respec-
tively). Map infection of BALB/c mice also stimulated strong
IFN-vy responses to culture filtrate and PPD from both Map
and M. bovis (between 20,000 and 40,000 pg/ml) (Fig. 3B).
As for C57BL/6 mice, M. bovis infection of BALB/c mice stim-
ulated a stronger IFN-y response against culture filtrate and
PPD of M. bovis than against CF-P and PPD-P of Map, but
the overall magnitude of the response was lower than in
M. bovis infected C57BL/6 mice (15,000-20,000 pg/ml).

Analysis of the IFN-y response in infected animals
against the selected eight Map antigens revealed a dif-
ferent immunogenicity profile than the one observed in
DNA vaccinated mice, with the in silico identified Ag5
and MAP3743 being the most strongly recognized both in
C57BL/6 (Fig. 3C) and BALB/c (Fig. 3D) mice infected with
Map. Despite their predicted specificity for Map, Ag5 and
MAP3743 were recognized with the same magnitude by M.
bovis and Map infected C57BL/6 mice. Alternatively, Map
infected BALB/c mice reacted more strongly to Ag5 and
MAP3743 than M. bovis infected mice.

Although these two antigens were selected in silico for
absence in M. bovis genome, it is possible that short H-
2b restricted peptide sequences would be shared between
the two mycobacterial species (on the same or even on
other proteins), and this could explain the cross-reactive
responses observed against Ag5 and MAP3743 in C57BL/6
mice. A detailed epitope mapping would be needed to
answer this question.

3.5. Specific antibody production in C57BL/6 and BALB/c
mice infected with M. avium subsp. paratuberculosis S-23
or M. bovis AN5

In contrast to the strong IFN-y responses detected in
Map infected C57BL/6 and BALB/c mice against Map cul-
ture filtrate, antibody levels against Map culture filtrate
were below detection level in these mice (Fig. 4). M. bovis
infection of C57BL/6 and particularly BALB/c mice how-
ever stimulated significant antibody production against
whole culture filtrate of M. bovis (CF-B). Weak Ag6 and
MAP1637c specific antibodies were detected in M. bovis
infected BALB/c mice, whereas MAP2677c was strongly
recognized by serum of M. bovis infected BALB/c mice, but
also to a weaker extent by sera of naive and Map infected
BALB/c mice (Fig. 4).

3.6. Protective efficacy of eight encoded antigens in
plasmid DNA-vaccinated C57BL/6 and BALB/c mice

Immunization with none of the eight plasmid DNA
could protect BALB/c or C57BL/6 mice from an experimen-
tal challenge with Map (administered 6 weeks after the
last immunization), as analyzed at 8 weeks post-challenge
and compared to mice vaccinated with the empty vector
(Table 3). In contrast, and confirming previous findings,
vaccination with M. bovis BCG conferred significant pro-
tection against Map (p<0.001), as indicated by a tenfold
reduction in RLU numbers in liver of both mouse strains
and in spleen of C57BL/6 mice. In spleen of BCG vaccinated
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Fig.1. IFN-y (panels Aand C)and IL-2 (panels B and D) levels in respective 72-h and 24-h spleen cell culture supernatants from C57BL/6 (A and B) and BALB/c
(C and D). Mice were vaccinated with empty plasmid DNA (control) or plasmid DNA encoding the 8 Map antigens and stimulated with the corresponding
antigen (5 pg/ml) 3 weeks after the fourth DNA vaccination. Results represent mean 4+ SEM (error bars) values of three to four mice tested individually in

each group.

BALB/c mice, the bacterial numbers were only very mod-
estly (twofold) reduced.

4. Discussion

Paratuberculosis is spread worldwide and causes heavy
economic losses particularly in the dairy sector. Sev-
eral countries have initiated control programs, aiming to
reduce transmission, progression to clinical phase, or shed-
ding. However, control of Johne’s disease is hampered by
increasing trade (McKenna et al., 2006) and the poor per-
formance of diagnostic tests (Nielsen and Toft, 2008). A
subunit vaccine composed of one or several Map-specific

and protective antigens, which would prevent infection
or - perhaps more realistically — prevent progression to
clinical disease and which would not interfere with the
diagnosis of bovine tuberculosis or JD, would be an invalu-
able tool for the control of this disease (Huygen et al., 2010).

Most of the new - possibly protective - Map antigens
have been identified by genomic and immunoproteomic
approaches and the majority of them have been evaluated
within the framework of serodiagnosis or cell-mediated
(IFN-v) diagnostic tests (for a comprehensive review see
Mikkelsen et al., 2011).

However, few of these antigens have been tested so
far as vaccine candidates, particularly in target species
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Fig. 2. MAP1693c, Ag3, MAP2677c, Ag5, Ag6, MAP1637c, MAP0388 and MAP3743 specific total IgG1 (top), IgG2a (center) and IgG2b (bottom) antibody
responses in sera from C57BL/6 (left) or BALB/c (right) vaccinated with control DNA (black diamond), and with DNA-corresponding Map antigens (open
circle). Sera were collected 3 weeks after the last immunization and results show individual OD4gg levels of ELISA performed at a 1:400 serum dilution.

(Rosseels and Huygen, 2008). Up to now, sub-unit protein
vaccines composed of Hsp70 (Koets et al., 2006), MAP74F
(Chenetal.,2008) or amix of Ag85A, Ag85B, Ag85C and SOD
(Kathaperumal et al., 2008) have been reported. Ag85A,
Hsp65 (Sechi et al., 2006), a mix of Ag85A, Ag85B, Ag85C,
SOD and MAP2121c (Park et al., 2008), MAP0586¢ and
MAP4308c (Roupie et al., 2008a) have been tested as DNA
vaccines and Huntley et al. (2005) reported on the DNA
based screening of an expression library. Recombinant viral
vectors have been used to study the vaccine potential of

MAP1589c/AphC, MAP1234/Gsd, MAP244c and 1235/Mpa
gene (Bull et al., 2007).

Here we have analyzed the immunogenicity and vaccine
potential of eight new Map proteins, using the technique
of DNA vaccination, which is an easy and a powerful tool
for the screening of the vaccine potential of protein anti-
gens. DNA vaccines are effective in inducing long-lasting
cellular and humoral immune responses and DNA vac-
cines encoding mycobacterial antigens are known to be
potent inducers of CD4* Thi1-type and CD8* cytotoxic T

doi:10.1016/j.vetimm.2011.10.012

Please cite this article in press as: Roupie, V., et al.,, Immunogenicity of eight Mycobacterium avium subsp. paratu-
berculosis specific antigens in DNA vaccinated and Map infected mice. Vet. Immunol. Immunopathol. (2011),



dx.doi.org/10.1016/j.vetimm.2011.10.012

G Model
VETIMM-8663; No.of Pages 12

V. Roupie et al. / Veterinary Immunology and Immunopathology xxx (2011) XXx—XXx 9
A C
300,000 + - - L 10,000 L L L L L L L L
ll:ICWBL/SNaive i i 9,000 ~ - -- oo TT oo Tn o n oo
150,000 c5781 /6 infected -
45,oooT Wps2s g T 8000 e
40,000 {MMICSTBLG infected b 2000 -
E 35,000f M o8.000d - - - -
=]
o 1 L
?_30’000 5,000.,,,,,,, o
Z 25,0001 -
L 4,000 e
20,0001 F
3,000 e
15,0007 -
10,0007 L 20004 ------- - -
5,000 f 1000 -
0 L o
BN R Q Q Q
< < o &
[¢) () QQ QQ
B D
45,000 + * - . + 10,000
40,000 - I ,,,,,,,,, 9,000 - - <o
0,000 [CIBALBI/c Naive
35,0004 CIBALB/c infected Map-§23 | | . 8,0007 -~~~
! IEBALB/c infected M. bovis
= 30,000{---------- | AR | RS 7000 - oo T
?E_» T B,000] - <o
g8 25,0004 - - - f ] b sooel
T 20,000f- oo S (R — '
i 4,000 - - o- e b
15,0004---------- o
311 [
10,0007 --------- S SRR N REEREE 2,000 <o
50001~~~ SE B EREE N S 1,000 - <o I ,,,,, ﬁﬁ -
0 =S "“.i'x‘. ""‘."". o_l:l.ﬁ.-_lzl.l:l.-_lzl.l:l.-ﬂllliﬂ -—-l"]i
&
A A O S QAR S S
) @ R R < \g (3 Ao v &
R R QD Qv & <© >
@V <& <& év.
ng ng Q.O

Fig. 3. IFN-v levels as measured in 72-h spleen cell culture supernatants, from C57BL/6 (top) or BALB/c (bottom) mice either non-infected, infected with
Mycobacterium avium subsp. paratuberculosis S23 (105 CFU) or M. bovis AN5 (2 x 108 CFU) and non-stimulated (T) or stimulated with the recombinant
protein (5 wg/ml) of MAP1693c, Ag3, MAP2677c, Ag5, Ag6, MAP1637c, MAP0388 and MAP3743. Results represent mean & SEM (error bars) values of three

to four mice tested individually in each group.

cell-mediated immune responses (Romano and Huygen,
2009).

In the present study, strong, antigen-specific IFN-y
responses were detected in DNA vaccinated mice against
MAP1693c identified in the Map secretome and against
three of the five in silico selected antigens, i.e. MAP1637c,
MAP0388 and MAP3743. Strongest antibody responses
were detected in DNA vaccinated mice against two of the
three secretome proteins, i.e. MAP1693c and MAP2677c.
The latter antigen was also recognized by sera from naive
and Map infected BALB/c mice. Weaker antibody responses
were induced against the in silico predicted proteins, which
may be related to the final selection step we used, which
was based on T cell epitope predictions.

In contrast to the immune response induced in DNA
vaccinated mice, T cells from Map infected mice reacted
very strongly against Ag5, the antigen that was not or
only very weakly immunogenic in DNA vaccinated mice.

Map infected mice also reacted against MAP3743 and
against MAP1637c. However, responses against MAP1637c¢
were not Map specific, as T cells from naive, uninfected
mice also recognized this protein. Despite being predicted
initially as Map specific, BLASTP analysis revealed that
MAP1637c sequence was identical with an hypothetical
protein MaviaA2_11436 (E-value =0) from M. avium subsp.
avium. ATCC 25291. Therefore, recognition of MAP1637c
by T cells of naive mice is possibly related to exposure of
the mice to environmental mycobacteria (Le Dantec et al.,
2002), perhaps M. avium subsp. avium in the drinking water
(Hilborn et al., 2006, 2008).

DNA vaccines composed of one or several antigens offer
an interesting alternative to live attenuated or whole killed
bacterial vaccines. Up till now, four veterinary DNA vac-
cines against equine West Nile virus, salmon infectious
haematopoietic necrosis virus, Mycoplasma hyopneumo-
niae disease in pigs and melanoma in dogs have been
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Table 3

Bacterial replication in spleen from C57BL/6 and BALB/c mice vaccinated 4 times with control DNA, DNA-Ag3, DNA-MAP2677c, DNA-Ag5, DNA-Ag6, DNA-
MAP1637¢, DNA-MAP0388, DNA-MAP3743, DNA-MAP1693c and with Mycobacterium bovis BCG (used as positive control), and infected with bioluminescent
M. avium subsp. paratuberculosis ATCC 19698 8 weeks before. Spleens and livers from individual infected mice were homogenized, and the number of
bacteria/organ was enumerated by luminometry (results in RLU converted to logp).

C57BL/6 C57BL/6 BALB/c BALB/c

RLU/spleen RLU/liver RLU/spleen RLU/liver
Control DNA 4.33 + 0.08 (5) 4.76 £ 0.09 (5) 4.28 £ 0.29 (4) 5.30 &+ 0.35 (4)
Control M. bovis BCG 3.58 +0.10 (4)" 3.83+0.13(4)" 3.90 + 0.07 (4)' 424 +0.05(4)"
DNA-Ag3 4.63 + 0.26 (5)™ 4.70 £ 0.19 (5)™ 4.33 + 0.06 (4)™ 5.53 £ 0.11 (5)"
DNA-MAP2677c 4.52 £ 0.21(5)" 4.49 + 0.20 (5)™ 4.55 £+ 0.15 (4)" 535 £ 0.14 (4)"
DNA-Ag5 4.56 + 0.17 (5)" 4.62 +0.17 (5)™ 4.37 £ 0.07 (5)™ 5.38 & 0.03 (5)"
Control DNA 5.03 £0.12 (4) 4.84 + 0.09 (4) 4.31 4+ 0.15(4) 5.41 £ 0.07 (4)
Control M. bovis BCG 3.64 + 0.22 (4)" 3.85+0.12(4)" 3.96 + 0.24 (5)" 447 +£0.13(5)"
DNA-Ag6 4.67 + 0.64 (4)™ 4.62 + 0.41 (4)™ 443 + 0.09 (4)™ 5.50 & 0.18 (4)"s
DNA-MAP1637c 5.04 + 0.57 (5)" 4.64 + 0.45 (5)™ 4.30 + 0.12 (4)™ 5.37 £ 0.10 (4)"
DNA-MAP0388 4.96 + 0.11 (5)" 4.68 + 0.09 (5)™ 4.31 £+ 0.24 (4)™ 530 + 0.22 (4)"
DNA-MAP3743 4.79 + 0.26 (5)™ 4.75 £ 0.11 (5)™ 4.36 + 0.11 (4)™ 5.26 & 0.32 (4)"s
DNA-MAP1693c 5.05 £ 0.16 (5)" 4.70 £ 0.25 (5)™ 4.19 £ 0.17 (5)™ 5.43 £+ 0.10 (5)"

Datarepresent mean =+ S.D. values of 4-5 mice (numbers given in parentheses). Statistical analysis was performed using GraphPad Prism 4: one-way-ANOVA

Tukey (confidence intervals: 95%).

ns, not significantly different as compared to log;o RLU values in control DNA vaccinated mice.

™ p<0.001 as compared to log;o RLU values in control DNA vaccinated mice.
" p<0.05 as compared to log;o RLU values in control DNA vaccinated mice.

licensed for commercial use in Canada and US. These licen-
sures are an important validation of the DNA vaccine
platform showing its commercial potential and feasibility
at a large scale (Kutzler and Weiner, 2008).
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Fig. 4. MAP1693c, Ag3, MAP2677c, Ag5, Ag6, MAP1637c, MAP0388 and
MAP3743 specific total IgG antibodies in sera from C57BL/6 (top) or BALB/c
(bottom) non infected (open circles), infected with Map-S23 (black trian-
gles) or with M. bovis (stars). Sera were collected 5 weeks after infection
and results show individual OD 492 nm levels of ELISA performed at a
1:100 serum dilution.

Although strong Th1 type immune responses could be
induced by some of the DNA vaccines in this study, none
of them protected mice against infection with Map ATCC
19698. Of all eight antigens tested, only one, i.e. MAP3743
was recognized effectively by both T cells from DNA immu-
nized and Map infected mice. In contrast to some of the
other antigens, no specific antibodies could be detected in
mice vaccinated with MAP3743 DNA. We postulate that
differences inimmunogenicity profile may explain the neg-
ative findings for these eight antigens, T cells induced by the
strongest DNA vaccines being unable to exert a protective
role because infected cells do not present the immun-
odominant epitopes of the encoded antigens. Our previous
findings on the protective efficacy of a DNA vaccine encod-
ing MAPO586¢, i.e. an antigen that is very immunogenic
following plasmid vaccination and Map infection, are in
favor of this hypothesis (Roupie et al., 2008a).
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