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[ycobacterium  avium  subsp.

paratuberculosis (MAP) is the
etiological agent of Johne disease, a
granulomatous enteritis of cattle and
other domesticated and wild ruminant
species. Johne disease is prevalent world-
wide and has a significant impact on the
global agricultural economy. Current
vaccines against Johne are insufficient
in stemming its spread, and associated
side-effects prevent their widespread
use in control programs. Effective and
safe vaccine strategies are needed. The
main purpose of this paper is to pro-
pose and evaluate the development of
a novel oral subunit-vaccine using a
patho-biotechnological approach. This
novel strategy, which harnesses patho-
genetic elements from the intracellular
pathogen Listeria monocytogenes, may
provide a realistic route towards devel-
oping an effective next generation sub-
unit vaccine against Johne disease and
paratuberculosis.

Introduction

Mycobacterium avium subspecies paratu-
berculosis (MAP) is a slow growing, Gram
positive, acid fast, intracellular patho-
genic Bacillus and the etiological agent of
Johne disease in cattle. This is a chronic
untreatable granulomatous enteritis with
symptoms including intestinal inflamma-
tion, poor nutrient uptake, severe diar-
rhoea, emaciation and eventual death of
the infected host." Paratuberculosis infec-
tion has been demonstrated mainly in
ruminants including cattle, sheep, rabbits,
bison and red deer.!?
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Johne disease is prevalent in cattle
worldwide and as such, has a significant
impact on the global economy. The U.S
dairy industry alone has reported annual
losses ranging from US$200 million to
1.5 billion due to infection.*> These costs
are mainly actributed to decreased milk
production, weight loss and increased
culling measures. In Ireland, substantial
economic losses have also occurred con-
sequent to the presence of Johne disease
within dairy herds.®

MAP contaminates and persists in
water and the environment, can survive
milk pasteurisation and is present in dairy
and meat products from infected ani-
mals.” It is therefore inevitable that human
populations are widely exposed.” An over-
whelming balance of probability and pub-
lic health risk favours the conclusion that
MAP is also pathogenic to humans.” It is a
strong candidate pathogen in the develop-
ment of Crohn disease, a human systemic
disorder involving chronic inflammation
of the intestine, similar to that observed in
Johne disease infected animals.”8

Vaccination Against MAP

There is currently no cure for Johne dis-
ease and hygienic measures or culling
procedures are not sufficient to prevent its
spread.” Moreover, the available vaccines
against Johne disease do not fully protect
animals from infection, but rather reduce
clinical symptoms and limit shedding of
MAP in feces.” While several whole cell
vaccines have been developed, based on
heat killed or live attenuated strains of
MAUP, issues related to their use prevents
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their widespread application in control
210 The associated drawbacks
with these vaccines include (1) the pres-

strategies.

ence of local granulomatous lesions at the
site of injection, (2) interference with cur-
rent serodiagnostic tests for MAP and (3)
failure to fully protect animals from sub-
sequent exposure to MAP. Administration
of vaccines developed from whole organ-
isms also increases the likelihood of inter-
ference with bovine tuberculosis screening
tests.!!?

Sequencing of the entire genome of
MAP strain K-10 in 2005 has permit-
ted the identification of immunodomi-
nant protein antigens, which induce
strong humoral or cell mediated immune
responses, for subsequent inclusion in
diagnostic tests or subunit based vac-
cines.”*! Recent subunit vaccines appear
to overcome many of the issues associated
with whole cell strategies but nevertheless
they have failed to fully protect against
MAP in experimental infection models.’
Huygen and Rosseels recently carried out
a definitive review, entitled “Vaccination
against Paratuberculosis”, which describes
in detail the past and current approaches
to vaccine design for paratuberculosis as
well as immunodominant antigens identi-
fied prior to its publication.’

Next generation animal vaccines will be
complex molecular entities with multiple
components tailored to generate the most
potent and effective immune response.
Accordingly, through comparative bioin-
formatic analysis of the completed MAP
genome, a defined set of MAP genes
encoding potentially immunodominant
secreted, cytosolic and surface expressed
antigens have been assembled within
our laboratory. The challenge ahead is
to effectively deliver these antigens in a
manner that will stimulate the appropri-
ate immune responses, a task which will
require an efficient and controllable vac-
cine strategy. Building on the experi-
ence of previous vaccine strategies will be
crucial.

Vaccine developments against other
intracellular pathogens, similar to MAP,
have used attenuated strains of the intra-
cellular pathogen L. monocytogenes as
effective vaccine carriers to the immune
system.” These strategies are based on
observations that the pathogen has both
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a phagosomal and cytosolic phase, facili-
tating the stimulation of CD4* and CD8*
immune responses respectively.”'® The
infection strategy of L. monocytogenes has
notable similarities to that employed by
MAP but despite this, its potential as a
MAP vaccine carrier has not been inves-
tigated. It is likely that this is due to con-
cerns over the use of attenuated pathogens
in vaccine development which comes with
the possibility of reversion to a virulent
phenotype.”

Alternatively, probiotic or GRAS (gen-
erally regarded as safe) bacterial strains
have also been assessed for applications
in vaccine delivery strategies.'™ In this
field however, their potential is hampered
by fragility and sensitivity toward stresses
associated with formulation and environ-
mental conditions in the gut including
the presence of bile, high osmolarity, low
iron or acidic environments.?” The advent
of patho-biotechnology, which exploits
inherent mechanisms from pathogenic
bacteria, has brought about novel strate-
gies to improve the potential of these pro-
biotic or GRAS strains for use in clinical,
drug, and vaccine delivery applications.'”*!

The main purpose of this review is to
propose and evaluate the development
of a novel oral subunit-vaccine against
MAP and Johne disease which will uti-
lize a patho-biotechnological approach.
A Lactobacillus strain with GRAS status,
harbouring an inducible expression vector
encoding immunodominant MAP anti-
gens, is to be equipped with patho-genetic
elements derived from L. monocytogenes
which will allow the strain to access
appropriate antigen presentation pathways
in order to stimulate a strong immune
response. After vaccination with MAP
antigens via this novel delivery platform,
levels of protective efficacy will be assessed
in a murine model of infection.

A successful vaccine strategy against
Johne disease will require a detailed
understanding of the causative agent, its
mode of transmission and the associated
host immune responses. The following
sections will attempt to describe these
aspects of MAP infection while simul-
taneously comparing L. monocytogenes
infection, to illustrate their combined
potential as part of a patho-biotechno-
logical approach to vaccine design for
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Johne disease. The patho-biotechnologi-
cal methodologies which have led to the
present vaccine development will be dis-
cussed. The biological containment strat-
egies to prevent the dissemination and
proliferation of the vaccine strain within
the environment are also outlined.

Mycobacterium avium Subspecies
paratuberculosis (MAP)

MAP is shed in the feces of infected ani-
mals and can survive within the environ-
ment for up to 12 months.? Subsequently,
planktonic cells may form biofilms or
biofilm-like structures which could play a
role in its prolonged survival, allowing the
pathogen to spread horizontally to naive
hosts via the fecal oral route.? Infant
calves with immature immune responses
are also particularly susceptible to infec-
tion via contaminated milk or colostrum
on farms with a high prevalence of the
disease.”

Intracellular Pathogenesis

Infection with MAP takes place through
the intestinal mucosa. The bacterium pref-
erentially targets M cells present in the fol-
licle associated epithelium (FAE) covering
the continuous Peyer patches in the distal
ileum of cattle.”*” M cells are specialised
epithelial cells which can deliver samples
of foreign materials via trans-epithelial
vesicular transport to intraepithelial lym-
phoid cells and macrophage, eliciting an
immune response.”® This ability to trans-
port particles across the epithelial barrier is
exploited by MAP, as well as other patho-
gens, to facilitate entry into the host.”
The preferential targeting of M cells
has been linked to the high expression of
cell adhesion proteins called integrins on
their luminal surface, unlike other intes-
tinal epithelial cells.”” In one study it was
shown that MAP Fibronectin Attachment
Protein (FAP) present on the bacterium
surface forms a fibronectin bridge with
these integrins on the M cells and medi-
ates invasion of the pathogen.” However,
disruption of fibronectin binding did not
completely inhibit invasion of M cells
indicating a  fibronectin-independent
mechanisms of invasion.” MAP is not
restricted to this portal of entry as it has
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been shown to enter the small intestine of
kid goats in areas without Peyer patches
via enterocyte-like cells.”

A MAP oxidoreductase gene (MAP
3464) was recently linked to invasion
of bovine epithelial cells through the
transport and folding of a MAP sur-
face protein (MAP3985¢) related to the
activation of the host cell Cdc42 trigger
mechanism involving cytoskeletal rear-
rangement and bacterial engulfment.*
In this case, the MAP3464 gene product
was found to be upregulated upon expo-
sure to an MDBK epithelial cell line and
was linked to invasion as a mutant MAP
strain, AOx, was incapable of expressing
the surface protein and showed a reduced
invasive ability compared to the wildtype
strain.?¢

In contrast to this “trigger” mechanism
used by MAP, L. monocytogenes entry to
these non-phagocytic cells is mediated
by a so called “zipper” mechanism char-
acterized by intimate interaction between
the pathogen and the host cell membrane
leading to progressive engulfment of the
bacterium.?® The listerial surface protein
internalin A (inlA) is involved in this
attachment to, and subsequent entry of,
epithelial cells which express its specific
receptor, E-cadherin.?' Consequently it is
feasible that a GRAS (or indeed) probiotic
vaccine strain equipped with this mecha-
nism from L. monocytogenes could pass the
mucosal barrier and access subepithelial
immune cells of the host.

After gaining access to the subepithe-
lial layer of the intestinal mucosa MAP
is phagocytosed by subepithelial mac-
rophages.” Once inside, the pathogen is
capable of evading or misdirecting the
normal killing mechanism of macrophage
aimed toward clearing infection.*> One
study demonstrated that within bovine
monocytes MAP elicited only modest pro-
duction of reactive oxygen intermediates
(ROI) and reactive nitrogen intermediates
(RNI). Also, when compared to ingested
heat-killed MAP, which displayed 94%
co-localization with lysosomes, viable
bacilli were able to inhibit phagolysosome
fusion resulting in a reduction to 30%
co-localization. The same study indicated
that simultaneous intracellular multiplica-
tion and killing of MAP occurs within the
phagosome.™
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L. monocytogenes within murine mac-
rophage displays a similar pattern of
concomitant killing and intracellular
multiplication but unlike MAP is unable
to prevent colocalization with lysosomes.
Instead, the successful intracellular sur-
vival of L. monocytogenes is related to escape
from the acidified phagosomal compart-
ment before phagolysosome fusion has
occurred.”® The escape is mediated by a
unique cytolysin which targets the phago-
somal membrane, listeriolysin O (LLO),
which is encoded by the Aly gene.* LLO
represents a second patho-genetic element
from L. monocytogenes which could poten-
tially be included in a recombinant MAP
vaccine delivery strain.

Immune Responses to MAP and
the Causation of Johne Disease

The principal goal of vaccination is
to prime the immune system to facili-
tate a more effective and rapid immune
response following infection with the
pathogen, therefore understanding the
interactions between the pathogen and
the immune system are fundamental in
the development of an effective vaccine.
Paratuberculosis and Johne disease in cat-
tle can be categorized into three distinct
stages of disease or infection: (1) early
infection, (2) subclinical infection and (3)
clinical infection.”’

Herein, we briefly describe the immune
responses of the host in order to explicate
the pathogenesis of MAP in cattle and
demonstrate the criteria necessary for
effective vaccination strategies. For an in-
depth analysis of the interactions between
MAP and the host immune system, the
reader is referred to previous reviews of
particular interest.”?*

MAP is an intracellular pathogen and
therefore the cellular immune response
plays a key role in its control within the
host.?7* The cellular immune response is
comprised of both T helper lymphocytes
(CD4") and cytolytic T lymphocytes
(CTL) or killer T lymphocytes (CD8*).4
T helper cells are responsible for orches-
trating and directing responses, whereas
CTLs are the killer cells that traffic to the
site of infection and lyse infected cells.’
Activated CD4* cells can differentiate
into T helper 1 (Th1) cells, which secrete
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proinflammatory cytokines (IFNy and
TNFa), or T helper 2 (Th2) cells, which
secrete anti-inflammatory cytokines (IL-
4,5,10and 13).#° Th1 T cells are involved
in effective immune responses to intracel-
lular pathogens by promoting microbi-
cidal activities of macrophages. Th2 T
cells promote immunoglobulin G, (IgG1)
antibody production, suppression of Thl
activity, and are likely ineffective in case
of intracellular infections.*

Early infection. It is generally regarded
that cell mediated immune responses
dominate during early stages of the Johne’
disease and are vital for control of infec-

tion.!!

Within the macrophage phago-
some, a small proportion of MAP are lysed
resulting in the presentation of antigens
through the MHC class II pathway, which
in turn stimulates CD4* T cells and IFNy
production® (see Fig. 1A—C). IFNY is an
important cytokine involved in recruit-
ment and activation of naive macrophages,
nonetheless production of IFNY does
litcle to cure persistently infected macro-
phages.*® The immune system must elicit
a strong CD8* cytolytic response if it is to
clear these macrophages.?” Stimulation of
CD8* T cells requires antigen presenta-
tion through the MHC class I pathway
which necessitates the presence of antigens
in the cytosolic region, as opposed to the
phagosome where MAP resides.*

It has previously been demonstrated
that secreted mycobacterial proteins
(of up to 70 kDa in size) may freely
pass into the macrophage cytoplasm.
Thus MAP antigens secreted into the
phagosome may escape into the cytosol
and after transportation across the endo-
plasmic reticulum they are available for
presentation via the MHC I pathway, >4
(see Fig. 1D and E). One study, in support
of this, demonstrated that MAP was capa-
ble of secreting a functional low molecu-
lar weight tyrosine phosphatase into the
macrophage cytoplasm which is suspected
of mediating interaction with host cell
substrates and interference with path-
ways necessary for killing the engulfed
bacteria.*

Maintenance of a Thl-type immune
response during the early stages of infec-
tion is vital for myco-bacteriostasis.’””
Failure to elicit a strong enough CD8*
response to effectively clear infection
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Figure 1. Mycobacterium avium paratuberculosis within macrophage. MAP infects by passing the mucosal barrier, preferentially via M cells, and after
which it is engulfed by subepithelial macrophage (A). A number of MAP bacilli are degraded within the phagosome (B) and stimulate CD4* immune
responses via antigen presentation through the MHC class Il pathway. (C) Alternatively MAP evades destruction within phagosome, through inhibition
of normal killing mechanisms, and proliferates. (D) Secreted MAP proteins may pass from the phagosome to the cytosol and be subsequently avail-
able for presentation to CD8* immune responses via the MHC class | pathway. Survival and proliferation within macrophage is a vital element in the

results in increased tissue damage to intes-
tinal epithelial cells (due to prolonged
exposure to high levels of proinflamma-
tory cytokines) along with an increase in
bacterial loads, both of which are charac-
teristic of subclinical infection.”

Subclinical infection. The subclinical
stage of the disease can last for 2—5 years
with the host presenting no clinical signs
of disease, however, due to intermittent
shedding in feces, MAP may be detected
by fecal culture.®

Granuloma formation is an important
characteristic of the subclinical phase of
MAP infection and serves to sequester
persistently infected macrophage to pre-
vent pathogen spread to adjacent cells.”
However, it also allows for almost unre-
stricted pathogen proliferation as well as
providing partial protection from newly
recruited CTLs. The lysis of infected mac-
rophage by increasing levels of toxic inter-
mediates (ROI and RNI) or CTLs causes
sporadic release of MAP from granulomas
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and the spread of disease along the intesti-
nal tract.”

Clinical infection. During the clinical
stage of Johne disease numerous granu-
lomas result in significant damage to the
host’s intestinal tract, with eventual loss of
mucosal function. The animal may suffer
from intermittent or persistent diarrhoea
and sheds high levels of MAP into the
environment. Mycobacterial-specific Th-1
immune responses are low during this
stage and are replaced by non protective
Th-2 responses where animals may pres-
ent high antibody levels against MAP.
Animals with overt infection are usu-
ally culled from the herd immediately on
detection.

Implications
for an Effective MAP Vaccine

The necessity for a strong cellular Th-1

type immune response at the early stages
of Johne disease, characterized by the
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presence of CD4* T lymphocytes to con-
trol, and cytolytic CD8* T lymphocytes
to effectively clear the infection, has pro-
found implications on vaccine develop-
ment. A successful vaccine will require
strong stimulation of both these lympho-
cyte subsets to induce a sufficient immu-
nological memory which, upon challenge
with MAP, can respond quickly and
efficaciously.

As already mentioned L. monocytogenes
displays a pattern of concomitant killing
and intracellular multiplication within
murine macrophage.”® This facilitates
the stimulation of both the CD4* T-cell
immune response (through cell destruc-
tion within the phagosome and MHC
class Il antigen presentation) and the CD8*
T-cell response (through multiplication
within the intracytoplasmic environment
and antigen presentation to the MHC
class T pathway)"'® (see Fig. 2). Both L.
monocytogenes and MAP stimulate the pro-
duction of IFNY, as well as various other
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Figure 2. Infectious life cycle of L. monocytogenes (adapted from Sleator and Hill). Listeria has the ability to cross the epithelial barrier, through the ex-
pression of internalins (inlA, inIB), and after which be engulfed by sub-epithelial macrophage (A). While in the phagosome a number of cells are lysed
(B) releasing antigens for subsequent presentation through the MHC class Il pathway to stimulate CD4* immune responses (C). Alternatively, Listeria
escapes the phagosome using a pore forming cytolysin called listeriolysin O (D). Within the cytosol, Listerial proteins may be processed via the MHC
class | pathway for stimulation of CD8*immune responses (E). Listeria may also pass to neighboring cells through the expression of other virulence

proinflammatory cytokines, at an early
stage of their respective infection. IFNy
is considered vital in the development of
Thl-dependant acquired resistance against
both of these intracellular pathogens.”*

Attenuated strains of Listeria monocyto-
genes have previously been assessed as vac-
cine delivery vehicles for other intracellular
pathogens, including Fransicella tularensis
(the causative agent of Tularemia), and
have shown promising results.”® Taking
this into consideration, along with the
aforementioned similarities in pathogen-
esis, an attenuated L. monocytogenes strain
would appear a potentially effective deliv-
ery vehicle in a vaccine strategy against
MAP. Despite this potential, no research
has been published indicating such a strat-
egy. It is possible that this is due to con-
cerns over the use of attenuated pathogens
for vaccination, which comes with the ever
present possibility of reversion to a viru-
lent phenotype.”
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An intriguing alternative to using
attenuated pathogens has arisen from the
application of a patho-biotechnological
approach to vaccine development, exploit-
ing the potential of pathogens, but
through the use of probiotic or GRAS

bacterial strains.
Patho-Biotechnology

Patho-biotechnology is a term originally
used by Sleator and Hill"” which describes
the application of pathogen derived stress
survival mechanisms for the design of
more robust and effective probiotic cul-
tures with improved efficacy in clinical
applications, vaccine development and
drug delivery platforms.'”*

A number of health-promoting lactic
acid bacteria are currently used in clini-
cal contexts. However, the full therapeutic
potential of these probiotic bacteria is not
realized as a result of their susceptibility
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to stresses ever present in mammalian gut
such as bile, high osmolarity, low iron
or acidic environments.”>?' Conversely,
pathogenic bacteria have evolved numer-
ous virulence mechanisms which allow
them to successfully invade, persist and
spread throughout a host while evading
its immune responses as well as surviving
for prolonged periods within the envi-
ronment.” Widespread access to whole
genome sequences of many pathogenic
and non-pathogenic bacteria has made it
possible to elucidate the genetic elements
which confer these mechanisms to patho-
genic strains. Subsequent application of
such genetic elements to fragile probiotic
strains has permitted the development
of recombinant or “designer” probiot-
ics which are sturdier and have improved
tolerance to stresses.”” At the forefront of
patho-biotechnology, L. monocyrogenes
has become an important source of patho-
genetic elements which are being applied
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to probiotic strains to improve their clini-
cal efficacy and survival under stresses.

A Patho-Biotechnological
Approach Towards Developing
an Effective MAP Vaccine

Herein, we propose the development of a
novel oral probiotic vaccine platform capa-
ble of expressing immunodominant MAP
antigens to subepithelial macrophage thus
eliciting a strong cell mediated immune
against MAP using a patho-biotechnology
based approach.

After oral ingestion the first listerial
element, internalin A (in/A), will enable
the Lactobacillus strain to traverse the
gut wall and be engulfed by subepithelial
macrophage. The second patho-genetic
element, listeriolysin O (LLO), will pro-
mote escape from the phagosome and
allow expression and secretion of the
MAP antigens to the macrophage cytosol.
While in the phagosome a certain propor-
tion of Lactobacillus cells will be lysed
releasing antigens for subsequent process-
ing and presentation to the MHC class 11
pathway stimulating a strong CD4* T-cell
response. Antigens secreted within the
cytosol will be processed and presented to
the MHC class I pathway for stimulation
of a CD8* T-cell response. Presentation
in such a manner, and the stimulation of
a strong cell mediated immune response,
should induce an immunological memory
and provide protection against a subse-
quent MAP challenge in an animal model
of infection (see Fig. 3).

The rationale behind the application
of both patho-genetic elements to the
Lactobacillus delivery platform is dis-
cussed in greater detail below:

Internalin A. As previously mentioned,
internalin A (in/A) is normally used by
L. monocytogenes to gain entry into mam-
malian intestinal epithelial cells and is
critical to its pathogenicity®® In 1997,
Lecuit et al. demonstrated that expression
of inlA was sufficient to promote inter-
nalisation of a non invasive enterococci, as
well as inert particles in the form of pro-
tein coated latex beads, into cells express-
ing its receptor E-cadherin (Ecad).*® The
interaction between InlA and E-cadherin
is species specific, and although human
and ruminant E-cadherin will interact
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with InlA, murine E-cadherin does not.”
As the planned development will utilise a
murine model of vaccination and experi-
mental infection, it is our intention to use
a transgenic murine line, which express
humanized E-cadherin (hEcad), in the ini-
tial vaccine trials. This approach is made
feasible by the fact that Lecuit et al. dem-
onstrated that transgenic mice expressing
humanized E-cadherin (hEcad) solely in
enterocytes successfully interact with InlA
allowing entry of L. monocytogenes to the
target cells.®

Another study, aimed at develop-
ing a DNA vaccine delivery strain, dem-
onstrated that a Lactococcus lactis strain
expressing in/A successfully entered intes-
tinal cells in vivo after oral inoculation of
Guinea pigs, although once internalised it
was rapidly destroyed. The authors sug-
gested that while the L. lactis inlA* strain
did not persist for long enough to induce
a systemic immune response, further
cloning of listeriolysin O (LLO) from
L. monocytogenes would potentially increase
the persistence of the recombinant strain
and allow release of the L. Jactis DNA con-
tent into the cytosol of host cells.”’

Listeriolysin O. A2008 study by Bahey-
El-Din et al. demonstrated that a L. lactis
strain expressing listeriolysin O, when
delivered via intraperitoneal injection to
a murine host, was capable of secreting
prolonged high levels of LLO after induc-
tion and conferred protective immunity
against subsequent L. monocytogenes infec-
tion.>® Importantly the authors observed
that an LLO-expressing L. lactis strain
may have the potential to act as a platform
for directing other co-expressed anti-
gens towards the cytosolic MHC class 1
pathway for enhanced stimulation of the
CD8* T-cell response.

The LLO molecule itself is also a
potent antigen considered to mediate a
strong Th-1 type response categorized by
high levels of IFNY production.®® It has
been shown that LLO is capable of inhib-
iting Th2 immune responses by skewing
differentiation of antigen specific T-cells
into Th1 cells.”

Stimulation of IFNy and Th-1 type
responses are widely regarded as a necessity
in protection against MAP.>? Therefore,
the incorporation of LLO within the pres-
ent vaccine will not only permit entry to
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the macrophage cytosol allowing presen-
tation of antigens to CD8* T cells, but
may also act as an adjuvant to these anti-
gens increasing the potency of the Th-1
type responses.

In contrast to the adjuvant activity of
listeriolysin O (LLO) we also present an
alternate strategy to be carried simulta-
neously, without the aid of the adjuvant,
which should provide a more silent back-
ground for improved evaluation of the
antigens immunostimulatory abilities.

The ruminant pathogen Listeria ivano-
vii secretes ivanolysin O (ILO), a cytoly-
sin encoded by the /o gene, which shares
80% homology in amino acid sequence to
L. monocytogenes listeriolysin O (LLO).%
One study, using a LLO deficient strain
of L. monocytogenes expressing ILO under
the control of the original Aly promoter,
demonstrated that ILO can functionally
replace LLO in vitro for efficient phago-
somal escape and intracellular multipli-
cation. Intracellular multiplication of
the ILO-expressing strain was essentially
indistinguishable from that of the LLO-
expressing strain® A separate study
showed that the level of IFNY induced by
a Lm ILO* strain was significantly lower
(but not null), both in vitro and in vivo,
than a Lm LLO" strain which was highly
capable of inducing IFNY. It was suggested
that some structural differences between
ILO and LLO possibly gave rise to the dif-
ference in level of IFNY inducing ability.*

When examined along with the current
LLO* MAP vaccine strain, a recombinant
probiotic delivery platform expressing the
same MAP antigens but equipped with
ILO should provide valuable insights into
the levels of adjuvant-like activity induced
by listeriolysin (LLO) as well as giving a
clearer indication of the immune responses
generated to these antigens individually.

Biological Containment

The use of genetically modified organisms
in veterinary medicine raises legitimate
concerns about their survival and propa-
gation in the environment and about the
dissemination of antibiotic markers or
other genetic modifications to other
microorganisms.”® Biological containment
systems can be subdivided into active
and passive forms. Active containment
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Figure 3. Novel patho-biotechnological vaccine development against Johne disease. A Lactobacillus strain, harbouring an expression vector encod-
ing MAP antigens, will be equipped with an internalin from Listeria which will allow translocation across the epithelial barrier and subsequent phago-
cytosis by macrophages (A). In a similar manner to Listeria within the phagosome, a number of lactobacilli will be lysed allowing presentation of the
expressed MAP antigens via the MHC class Il pathway to stimulate strong CD4* immune responses (B and C). Heterologously expressed listeriolysin

O, from Listeria monocytogenes, will allow the Lactobacillus strain to escape the phagosome. (D) Expression of MAP antigens within the macrophage
cytosol will stimulate strong CD8* immune responses through the MHC class | pathway (E).

provides control through the conditional
production of a compound which is toxic
to the cells. Passive containment on the
other hand is dependent on complemen-
tation of an auxotrophy by supplementa-
tion with either an intact gene or essential
metabolite.2*>*

We propose to address the issue of bio-
logical containment by creating conditional
auxotrophic mutants of the Lactobacillus
delivery strain. One of the potential tar-
gets is the thymidylate synthase (#hyA)
gene which is essential for growth; mutant
strains only growing in the presence of
added thymidine or thymine.”

The choice of hyA as a target gene
combines the advantages of passive and
active containment systems. Thymine
auxotrophy involves activation of the SOS
repair system and DNA fragmentation,
thereby constituting an indigenous suicide
system. Thymine and thymidine growth
dependence differs from most other
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auxotrophies in that absence of the essen-
tial component is bactericidal in the for-
mer and bacteriostatic in the latter. Thus,
thyA-deficient bacteria cannot accumulate
in the environment.”® As previously out-
lined for L. lactis we propose to replace the
thyA gene with a transgene (Internalin A or
listeriolysin O) by double crossover using
a conditionally non-replicative plasmid.”®

This approach addresses bio-safety
concerns on a number of levels. Firstly,
no resistance marker is required to guar-
antee stable inheritance of the transgene,
thus overcoming any potential problems
associated with dissemination of antibi-
otic resistance. Second, accumulation of
the genetically modified organism in the
environment is highly unlikely given that
rapid death occurs upon thymidine star-
vation.” Finally should an intact #hyA be
acquired from closely related bacteria by
means of homologous recombination then
the transgene would be lost.

Bioengineered Bugs

Conclusion

Examination of the complex interactions
between MAP and host’s immune system,
the issues associated with current vac-
cines and the criteria generally regarded
as necessary for protective immunity, has
led to current proposal of a novel patho-
biotechnological strategy
against Johne disease. This novel vaccine
consists of a Lactobacillus delivery strain
with GRAS status harbouring an induc-
ible expression vector, encoding immuno-
dominant MAP antigens, and equipped
with two patho-genetic mechanisms from
the intracellular Listeria monocyrogenes to
enable access to subepithelial macrophages
phagosomal and cytosolic compartments.
Antigen presentation in this manner will
stimulate both CD4* and CD8* T lym-
phocyte subsets evoking a cell mediated

vaccination

immune response. The protective efficacy
of the selected MAP antigens as well as

161



the effectiveness of the patho-biotechno-
logical delivery strain will be assessed in
a murine model of infection. If success-

ful,

the current vaccine development may

mark a significant breakthrough in the

control of Johne disease.
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