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Abstract

The immune system is not always successful in recognizing and destroying pathogens it may
encounter. Host immunity to mycobacteria is characterized by a very complex series of events,
designed to clear the infection. The first line of defense is uptake and processing of the
pathogen by macrophages, followed by the initiation of cell-mediated immunity. The secretion
of pro-inflammatory cytokines such as IFN-y is credited with containment of mycobacterial
infections. Yet it is clear that activated T-cells may contain but fail to clear the infection in
some hosts. Further, it is recognized that if infection progresses to a more clinical state, the
production of pro-inflammatory cytokines is suppressed and expression of anti-inflammatory
cytokines is increased. It is unclear what defines a host that can successfully contain the
infection versus one that succumbs to severe immunopathologic disease. This review will
address some of the key elements in host immunity to mycobacterial pathogens, with an
emphasis on Mycobacterium avium subsp. paratuberculosis (M. paratuberculosis), in an
attempt to understand the dialogue between immune cells and their mediators during infection

and what causes this discourse to go awry.
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Introduction

The agent of the disorder known as paratuberculosis was
identified in 1895 by Johne and Frothingham as an acid-
fast staining microorganism in granulomatous lesions in
the intestines of affected cattle, indicating some type of
Mycobacterium (Johne and Frothingham, 1895). The
organism was fully characterized several years later and
named Mycobacterium paratuberculosis (Mycobacterium
avium subsp. paratuberculosis). Paratuberculosis is
widely distributed both nationally and internationally in
domestic ruminants such as cattle, sheep, and goats, as
well as wildlife, such as deer, antelope, and bison.
Accurate figures on the true prevalence of para-
tuberculosis in the US are not available although a study
conducted in 1996 by the National Animal Health
Monitoring System yielded estimates that 22% of US dairy
herds were infected (Wells et al., 1998). At the time of that
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study, it was estimated that annual losses in the US
from paratuberculosis in dairy herds would exceed
$200 million. Economic losses due to paratuberculosis
result from early culling or death from clinical disease,
reduced reproductive efficiency and feed efficiency,
decreased milk production, and management changes
incurred to control the spread of the disease (Ott et al.,
1999). The rising incidence of paratuberculosis in the past
10 years suggests that this figure sorely underestimates the
current financial burden of this disease.

The primary route of transmission of infection is
through ingestion of fecal matter, milk or colostrum
containing M. paratuberculosis microorganisms, although
in utero transmission can occur as well. It is generally
thought that neonates are the most susceptible to
infection due to their undeveloped immune system and
the degree of exposure to M. paratuberculosis if their
dams are clinically infected (Larsen et al, 1975).
However, it has also been demonstrated that adult
animals can become infected after exposure to large
doses of the bacteria (Rankin, 1962). After infection,
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animals can remain asymptomatic for long periods of
time, up to 2-5 years post-infection. During this
subclinical phase of infection, cattle will shed minimal
amounts of M. paratuberculosis in their feces yet can still
be a detriment to the herd due to stealthy contamination
of the environment, possibly resulting in further spread of
infection throughout the herd. During the clinical phase
of infection, fecal shedding of the microorganism is quite
high and can exceed 10' cfu g™' of feces (Chiodini
et al., 1984). The terminal clinical stage of disease is
characterized by chronic diarrhea, rapid weight loss,
diffuse edema, decreased milk production, and infertility.

Understanding host immunity to M. paratuberculosis
infection is tantamount to controlling the spread of this
disease as it is central to the development of better
diagnostic tests, characterization of protective immuno-
gens for use as vaccine candidates, and the identification
of potential therapeutic agents. A reciprocal relationship
has been documented between the host T-cell responses
and the extent of disease during mycobacterial infections
(Orme, 1993; Koets et al., 2002; Welsh et al., 2005). A
temporal shift in Thl to Th2-dominated immune
responses has been demonstrated in both experimentally
and naturally infected sheep and cattle with para-
tuberculosis (Thorel et al., 1992; Stabel, 2000). As with
other mycobacterial diseases, Thl-mediated immunity
appears to be essential to control infection yet many
aspects of immunity contribute to the regulation of the
infection within the host.

Innate immunity

The study of host immunity to mycobacterial diseases
presents a tremendous challenge due to the finely honed
evasive maneuvers of the bacteria and the seemingly
paradoxical immune responses induced during the course
of infection. Similar to other mycobacteria, M. para-
tuberculosis, the causative agent of Johne’s disease
(paratuberculosis), is an intracellular pathogen that can
evade the aggressive defense mechanisms invoked upon
phagocytosis by macrophages. It is well documented that
mycobacteria can survive and replicate within macro-
phages by inhibiting the maturation of the phagoly-
sosome. Numerous studies have described mechanisms
credited for this inhibition including reduced activity of
a macrophage enzyme, sphingosine kinase (Kusner,
2005); secretion of a lipid phosphatase that inhibits
phosphatidylinositol 3-phosphate production thereby
disallowing the acquisition of lysosomal constituents by
the phagosome (Vergne et al., 2005); and the interaction
of mycobacterial mannose-capped lipoarabinomannan
(ManLAM) with mannose receptors on the macrophage
resulting in limited phagolysosome fusion (Kang et al.,
2005).

The aforementioned mechanisms have not been
delineated for M. paratuberculosis but are likely involved
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in reduced macrophage killing. However, characteristics
indicative of the early phagosome, such as reduced
acidification, have been observed upon phagocytosis of
live M. paratuberculosis by a mouse macrophage cell
line, suggesting an inhibition of phagosome maturation
(Cheville et al., 2001; Kuehnel et al., 2001). Further
validation of the inhibition of phagosome maturation was
demonstrated by increased levels of an early marker
[transferrin receptor (TFR)] and decreased levels of a
late maturation marker [lysosome-associated membrane
protein one (Lamp-1)] on phagosomes containing live
M. paratuberculosis relative to those containing killed
M. paratuberculosis, Mycobacterium smegmatis, and
zymosan A (Hostetter et al., 2003). The addition of
interferon-y (IFN-y) and LPS to macrophage cultures
increased acidification and maturation of phagosomes
containing M. paratuberculosis with a concomitant
decrease in the survival of M. paratuberculosis within the
activated macrophages (Hostetter et al., 2002). These
results indicate that phagosome maturation is directly
correlated with activation of the macrophage (Hostetter
et al., 2002).

Acquisition of LAMP-1 and cathepsin D are involved
in the accumulation of proton—-ATPase complexes, key
components of acidification of the phagosome, following
phagocytosis of other mycobacteria (Sturgill-Koszycki
et al, 1996). Gene expression analysis of bovine
macrophages infected with M. paratuberculosis for 18 h
demonstrated a decrease in ATPase expression that
correlated with a lack of phagosome acidification (Weiss
et al., 2004). Acidification of the phagosome-lysosome is
associated with the production of bactericidal products
such as nitric oxide, superoxide, and lysosomal hydro-
lases and, consequently, has a high correlation with the
control of intracellular replication of pathogens.

In addition to effects on phagosomal maturation,
mycobacterial ManLAMSs have been suggested as potential
virulence factors. ManLAMs purified from Mycobacterium
bovis BCG and M. tuberculosis inhibited production of
IL-12 upon incubation with human monocyte-derived
dendritic cells (DCs) (Nigou et al., 2001), and may also
potentiate secretion of TGF- by monocytes (Chatterjee
et al., 1992; Dahl et al., 1996). In a more recent study,
candidate virulence factors for M. paratuberculosis were
identified after screening of over 1100 transposon mutants
(Shin et al., 2006). Upon evaluation of a selected group of
candidate genes in mice, disruption of genes gcpE, pstA,
kdpC, papA2, umaAl, and fabG2_2, resulted in decreased
tissue colonization and lesion formation, suggesting roles
in virulence. Many of these genes are involved in the
synthesis of cell wall components and, as such, act as the
first defense for the bacterium against the macrophage.
Further work is necessary to unravel the mechanisms
of bacterial resistance, leading to an understanding of
host—pathogen interactions.

In addition to activation of macrophages via adaptive
immune responses such as IFN-y secretion, toll-like
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receptors (TLR) have also been demonstrated to modulate
antibacterial and inflammatory immune responses of
antigen-presenting cells (APCs) (Nguyen and Pieters,
2005). The interaction of TLRs and DCs is often the first
step in the initiation of adaptive immune responses,
followed by interaction of co-stimulatory molecules,
CD28, CTLA-4, CD80, CD86, and then, finally, signaling
by cytokines or chemokines. TLRs help the macrophage/
DC process information about the pathogen it has
encountered and then provide this information to the
cell so the appropriate immune response can take place.
Mechanisms of action by which TLRs can modulate the
host immune response are regulation of the transcription
of various response genes such as IL-12, nitric oxide
synthase (iNOS), B7 and lysosomal peptides (Sieling and
Modlin, 2001). Thus far, eleven TLRs have been identified,
however, only TLR2 (in association with TLR1/TLR6) and
TLR4 are recognized by mycobacterial components, with
the majority of mycobacterial antigens signaling through
TLR2 (Krutzik and Modlin, 2004; Quesniaux et al., 2004).
Other receptors that are unrelated to TLRs such as
CD14, CR3 (complement receptor), DC-SIGN (DC-specific
adhesion molecule-3) have also been associated with
APC-T-cell interactions that stimulate cellular activation in
mycobacterial infections (Quesniaux et al., 2004).

Th1/Th2 helper cells and cytokine secretion

Although macrophages, DCs, and other APCs are the first
line of defense to intracellular pathogens such as
mycobacteria, once the infection takes place the host
response is orchestrated primarily by T-cells. Th1 cells are
key components of the type-1 pathway (cellular immu-
nity) which is involved in defense against intracellular
and viral pathogens. Th2 cells are responsible for type-2
responses (humoral immunity) which promote strong
antibody responses to extracellular pathogens. T helper
cell differentiation occurs upon stimulation of naive
T-cells by APCs. Factors that influence the polarization
to either Th1 or Th2 helper cells include the dose of the
antigen, the nature of the antigen, and the dynamic of the
cell-to-cell contact of T-cells with APCs (Rogers and Croft,
1999). Differentiation of a naive T-cell to either a Th1 or
Th2 subtype appears to be permanent although it has
been hypothesized that ‘switching’ from one subtype to
another may occur in vivo. One theory suggests that
Th1/Th2 differentiation may occur further upstream in
the host response and, in fact, may be influenced by
polarization of APCs upon initial contact with an antigen.

Each of these pathways results in distinct patterns of
cytokine secretion. Thl-mediated responses are charac-
terized by the secretion of IFN-y, IL-2, and TNF-B and are
regulated by IL-12, whereas Th2-type regulators of
immunity include IL-4, IL-5, 1L-6, and 1L-10 (Kidd, 2003).
Cellular cross-talk and the induction of host responses to
infection require the secretion of cytokines. Cytokines
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mediate host immunity by either activating cells to clear a
pathogen or by modulating responses to control patho-
genesis. In the case of M. paratuberculosis infection and
that of other mycobacterial pathogens, a very simplistic
viewpoint describing dominant Thl-mediated responses
in early subclinical disease and Th2-driven responses in
clinical disease has been petitioned for many years. Yet as
technological advances have allowed more detailed study
of host immunity, particularly in domestic livestock and
wildlife, it has become clear the immune responses to
M. paratuberculosis and other mycobacterial pathogens
are highly variable and complex, resulting in overlap
between the two pathways at various time points during
infection (Ritacco et al., 1991; Dlugovitzky et al., 1997;
Jiao et al., 2003; Kidd, 2003).

A strong Thl bias dominated by IFN-y secretion has
been observed upon initial exposure to mycobacterial
pathogens and, as the key Thl effector cytokine, IFN-y
plays a crucial role in Thl differentiation. IFN-y
contributes to the production of reactive oxygen and
nitrogen intermediates by macrophages (Sato et al., 1998),
promotes T-cell activation and DC maturation (Shankar
et al., 2003) and up-regulates expression of MHC class
I and II genes (Fruh and Yang, 1999; Delvig et al., 2002).
IFN-y induces the secretion of IL-12 by APCs, resulting
in Thl induction via a paracrine pathway but also acts
directly to augment Thl polarization via an autocrine
mechanism that does not involve IL-12 (Teixeira ef al.,
2005). The broad base of actions noted above suggests a
critical role for IFN-y in the control of infection. Although
secretion of other Thl-driven cytokines has been studied,
the enhanced expression and secretion of IFN-y in the
early stages of infection suggest that this cytokine is
critical for controlling mycobacterial infections. Levels of
IFN-y in the serum were directly associated with the
degree of pulmonary involvement of M. tuberculosis, as
patients with advanced tuberculosis had significantly
reduced IFN-y compared to patients categorized with
mild or moderate disease (Dlugovitzky et al., 1997).

Two recent studies utilizing mouse models of tuber-
culosis demonstrated that either infection with M. tuber-
culosis or vaccination with M. bovis bacillus Calmette
Guerin (BCG) result in a dominance in IFN-y gene
expression or the expression of genes regulated by
IFN-y (Mollenkopf et al., 2006; Rodgers et al., 2006). A
singular role for IFN-y in controlling mycobacterial
infection was demonstrated after infection of IFN-y
knockout mice (gko) with M. tuberculosis (Flynn et al.,
1993). Colonization of spleen, liver, and lung was
significantly higher for gko mice compared to wild-type
littermates by 15 days post-infection, and mean survival
time for mice was reduced as well (15 versus >60 days).
Interestingly, the level of infection decreased in gko mice
that were pre-treated with exogenous IFN-y prior to
infection. Several studies have reported higher expression
of TFN-y in subclinically infected animals (Sweeney
et al., 1998; Khalifeh and Stabel, 2004) and this correlates
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with higher levels of IFN-y secretion by PBMC isolated
from animals in the early stages of M. paratuberculosis
infection, whether it be natural or experimental
infection (Stabel, 2000; Waters et al., 2003). These studies
provide key evidence of an essential role for IFN-y in
modulating the immune response to mycobacterial
infection.

Due to its rapid and robust appearance after infection,
the measurement of in vitro IFN-y has successfully been
used as a diagnostic tool for detection of M. paratuber-
culosis in the early stage of disease as well as other
mycobacterial infections such as M. tuberculosis in
humans and M. bouvis in cattle and wildlife (Gwodz
et al., 2000; Stabel and Whitlock, 2001; Huda er al., 2003).
However, strong IFN-y responses may also be detri-
mental to the host if the proper balance of Th1/Th2
cytokines is not achieved. The inflammatory effects of
IFN-y result in the up-regulation of adhesion molecules
such as I-CAM on endothelial cells, reduced tight junction
expression, and increased vascular permeability as
noted in murine models of colitis (Oshima et al., 2001).
Overproduction of IFN-y and other Th1l cytokines at the
site of inflammation may lead to severe tissue damage.

The release of other inflammatory cytokines such
as TNF-o, IL-1, and IL-6 has been observed upon
stimulation of bovine monocytes and RAW 264.7 cells
with M. paratuberculosis lipoarabinomannan or muramyl
dipeptide antigens (Adams and Czuprynski, 1994), yet,
significant differences in TNF-o and IL-6 gene expression
were not observed between healthy cows and cows
infected with M. paratuberculosis (Adams et al., 1996).
More recently, a pro-inflammatory pattern of gene
expression was observed in peripheral blood mono-
nuclear cells isolated from cattle with subclinical and
clinical paratuberculosis (Coussens et al., 2004). An
extensive analysis of cytokine gene expression revealed
up-regulation of pro-inflammatory genes such as IFN-y,
TNF-o,, IL-1o, IL-6, and IL-8, with a similar but not
redundant pattern of expression apparent when assessed
in ileal tissues as compared to peripheral cells (Coussens
et al., 2004). Secretion of these pro-inflammatory cyto-
kines triggers a sequence of events that potentially
contribute to the formation of lesions. Although pro-
inflammatory cytokines are critical for recruitment of
immune cells to fight infection, protracted activation may
result in damage and lesion formation (Clarke, 1997).
IFN-y has also been demonstrated to play a role in the
inhibition of Th2 polarization, resulting in reduced
production of IL-4 and IL-5 and reduced proliferation of
Th2 cells (Teixeira et al., 2005). Modulation of Th2
responses has also been credited to IL-12, however, IL-12
expression/secretion does not appear to be induced by
M. paratuberculosis infection (Coussens et al., 2004;
Berger and Griffin, 2006).

Th2 regulatory cytokines are responsible for activation
and proliferation of B-cells and subsequent secretion
of immunoglobulins. Due to the intracellular nature of
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mycobacterial pathogens, antibody-mediated immunity is
not considered a significant factor in the control of
infection yet Th2 mediators may play a more critical role
in the constraint of Thl-mediated responses. IL-10 is
immunosuppressive to IFN-y, resulting in decreased
production through inhibition of the IFN-y-induced
gene, IP-10 (Ito et al., 1999). Inhibition of IP-10 results
in the disruption of the tyrosine phosphorylation of
STAT1, a key transcription factor involved in IFN-y
production (Ito et al., 1999). Expression of the transcrip-
tion factor, T-B, is also critical for IFN-y production by
CD4+Th1 cells (Szabo et al., 2000). A recent study utilized
T-B—/— mice to demonstrate the selective up-regulation
of IL-10 after infection with M. tuberculosis (Sullivan et al.,
2005). T-B deficiency did not affect the recruitment
or activation of T-cells in the lungs of mice receiving
aerosol preparations of M. tuberculosis but did result in
impaired IFN-y production by CD4+ T-cells after antigen
stimulation.

IL-4 has been shown to play a specific role in the
inhibition of IFN-y production by CD4+ Thl cells
(Peleman et al., 1989). It has also been demonstrated
that IL-4 does not interfere with binding of IFN-y to its
receptor but does result in the inhibition of transcriptional
activation by IP-10 (Larner et al., 1993). Although
independent inhibitory effects of IL-4 and IL-10 are
evident, the interplay between these Th2 cytokines was
demonstrated in lymph node cells harvested from mice
immunized with picryl chloride (TNP) and cultured with
IL-2 and IL-4. Upon re-exposure to antigen, lymph node
cells secreted high levels of IL-4 and IL-10 but an
abrogation of IFN-y production occurred. The inhibitory
effects of IL-4 were reversed and IFN-y production re-
instated upon addition of a monoclonal antibody to IL-10,
indicating that IL-10 is involved in IL-4-mediated regula-
tion of IFN-y. Similarly, the addition of a monoclonal
antibody to IL-10 increased IFN-y secretion by PBMC from
patients in various stages of tuberculosis, particularly
those that were skin test (PPD) positive (Gong et al.,
1996). More recently, neutralization of IL-10 activity in
johnin purified protein derivative-stimulated whole blood
increased in vitro IFN-y production 23-fold in cattle
categorized in the subclinical stage of M. paratuberculosis
infection (Buza et al., 2004). These studies suggest
that Th2 cytokines, IL-4 and IL-10, play key role in
the regulation of IFN-y production and attenuate
the immunopathology caused by this pro-inflammatory
cytokine.

The shift in Th1/Th2 dominance in early and late stages
of mycobacterial infection has been well documented
but recent evidence would suggest an overlap of these
pathways may occur during a transitional period of
infection. The kinetics of the T-cell response to two
major MalE epitopes in mice chronically infected with a
recombinant BCG.MalE construct reflected a strong initial
IFN-y response followed by a shift to a mixed IFN-y/
IL-4 response (Jiao et al., 2003). Broadening the scope
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to include two additional MalE epitopes demonstrated a
T-cell response dominated by IL-4 by 16 weeks post-
infection. A similar pattern of responsiveness was noted
after PPD stimulation of splenocytes from mice immu-
nized with wild-type BCG, indicating that this pattern
of cytokine secretion was not antigen specific (Jiao
et al., 2003). The polarization of Th1/Th2 immunity was
evaluated during a 6-9 month period in calves after
intranasal inoculation with M. bovis (Welsh et al., 2005).
T-cell clones were established from CD4+ cells isolated
from calves at 17 weeks post-infection for the evaluation
of cytokine induction and compared to the extent of
host pathology at the termination of the study. Animals
with extensive pathology in multiple tissues had a
greater frequency of ThO (IFN-y/IL-4++) clones, whereas
animals with less disseminated pathology demonstrated
a dominance of Thl clones. Increased pathology was
correlated with IL-10 but not IL-4 expression in PBMC
after stimulation with PPD-bovis.

Due to the protracted escalation of infection in
paratuberculosis it has been difficult to develop an
infection model that would appropriately mimic the
progression from subclinical to clinical disease. This has
severely hindered our abilities to conduct longitudinal
experiments such as described above. However, compre-
hensive studies have been conducted to compare
host immune responses during the subclinical and clinical
stages of M. paratuberculosis to identify potential
mechanisms that might account for the shift in Thl to
Th2 dominance. Higher gene expression of IFN-y was
demonstrated in the ileum and cecal lymph nodes of
asymptomatic cows compared to cows demonstrating
clinical signs of disease (Sweeney et al., 1998). IL-4 gene
expression tended to be higher for clinically affected
cows compared to subclinical and control uninfected
cows but this effect was not statistically significant.
Similarly, up-regulation of IFN-y expression was noted
in the ileum, mesenteric lymph node, and ileocecal valve
of cows with subclinical M. paratuberculosis infection,
whereas IL-10 gene expression was higher in tissues that
exhibited extensive pathology with multifocal lesions and
high numbers of bacteria obtained from cows that had
progressed to the clinical stage of disease (Khalifeh and
Stabel, 2004a). Correlation of cytokine gene expression
directly with pathologic lesions in draining ileal lymph
nodes demonstrated higher levels of 1L-4, IL-10, and IL-2
in M. paratuberculosis-infected cattle that were multi-
bacillary (lepromatous) when compared to those that
were paucibacillary (tuberculoid) (Tanaka et al., 2005).
Although expression of IFN-y and IL-12 did not differ
among infection groups, IL-18 expression was down-
regulated in the multibacillary group, an interesting
observation since IL-18 is a major factor in the induction
of IFN-y. Although a pattern of Th1-mediated immunity in
early infection segueing to Th2-regulated immune
responses in later infection is recognizable, it is also clear
that these responses are not distinct from one another and
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typically traverse over both pathways during various
points of infection.

T regulatory cells and cytokine secretion

T regulatory cells are a class of T-cells that negatively
affect the immune response, or have suppressive
functions. The characteristic phenotype of Tregs is
CD4+CD25+ and induction of these cells is favored in a
Th2 environment as opposed to a Thl environment.
CD4+CD25+ naive Tregs are produced in the thymus and
are often associated with autoimmune disorders and self-
tolerance (Beissert ef al., 2006). However, another class of
Tregs has been described that are induced upon exposure
to antigen, resulting in differentiation of CD4+CD25—
cells to adaptive Tregs. These Tregs are referred to as
either Trl or Th3 cells, produce immunosuppressive
cytokines, IL-10 and TGF-B, and are involved in
controlling immune responses during infection. The
immunosuppressive actions of IL-10 on IFN-y have
already been discussed, but TGF-f also acts in a
regulatory role through inhibition of T-cell activation
and proliferation with an associated down-regulation of
IFN-y production (Ludviksson et al., 2000).

Tregs can traffic to affected tissues to control Th1/Th2
immunity, a factor that is critical to the prevention of
immunopathology associated with overproduction of
pro-inflammatory cytokines such as IFN-y. A recent study
demonstrated local immune hyporesponsiveness in the
ileum of cows naturally infected with M. paratuberculosis
(Weiss et al., 2004). Infected cows had higher numbers of
CD4+CD25+ cells (21% versus 6%) and lower numbers of
CD2+CDO62L+ cells (7% versus 28%) as compared to
noninfected controls. In addition, ileal lymphocytes
isolated from infected cows failed to proliferate in
response to M. paratuberculosis whole-cell sonicate and
responded poorly to T and B-cell mitogens. Although
concomitant measurement of cytokines was not
performed in this study, these results strongly suggest
that the population of Treg cells in infected animals may
be inducing localized secretion of IL-10 and TGF-f,
resulting in immune suppression and contributing to the
escalation of disease. Further, patients with active TB had
increased numbers of CD4+CD25+ T-cells and 2.2-fold
higher FoxP3 (forkhead box P3) expression concomitant
with increased secretion of IL-10 and TGF-B compared to
noninfected control patients (Guyot-Revol et al., 20006).
A further 2.3-fold increase in FoxP3 expression was
observed in patients with extrapulmonary TB compared
to those with pulmonary TB. FoxP3 is a transcription
factor that has been associated with activation of CD25+
Tregs in humans. Although a recent report suggests that
FoxP3 expression may be also be induced in activated
CD25-PBMC and CD8+ cells, FoxP3 appears to be more
specific as a marker for Tregs than other cell-surface
molecules such as CD25, CD45RB, CTLA-4, and GITR
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Fig. 1. Interaction between co-stimulatory molecules on the DC and the naive Th cell, resulting in differentiation into Th1,
Th2, or Th3 cells after exposure to the antigen (adapted from Kapsenberg, 2003).

which are also associated with activated effector or
memory T-cells (Hori et al., 2003; Morgan et al., 2005).
Other studies have also demonstrated a key role for
TGF-B in the induction of FoxP3, a key component
in the conversion of naive CD4+CD25—T-cells to the
CD4+CD25+ T suppressor cell type associated with Tregs
(Yamagiwa et al., 2001; Chen et al., 2003).

Increased secretion and/or expression of TGF-f are
associated with advanced fulminate tuberculosis as well
as the end-stage of diseases caused by other mycobacteria
including Mycobacterium leprae, M. bovis, and M. avium
subsp. paratuberculosis (Goulart et al., 2000; Khalifeh and
Stabel, 2004a; Chung et al., 2005; Fiorenza et al., 2005;
Wangoo et al., 2005). The up-regulation of TGF-B is a
protective correlate invoked to protect the host by
inhibiting production of Thl and Th2 cytokines and the
resulting inflammatory damage in a hyper-responsive
state. Information on the role of TGF-f in host immunity
to paratuberculosis is very limited to date, however, it was
recently demonstrated that cattle in the clinical end-stage
of infection had significantly higher expression of IL-10
and TGF-B in ileal tissues and associated lymph nodes as
compared to healthy control cows or cows in the early
stage of disease (Khalifeh and Stabel, 2004a). In vitro study
demonstrated increased secretion of IL-10 and TGF-f8
by PBMC from naturally infected cows after culture
with live M. paratuberculosis for 6 days (Khalifeh and
Stabel, 2004b). A highly significant reduction in IFN-y
production was observed with the addition of exogenous
recombinant human TGF- and IL-10, with and without the
presence of live M. paratuberculosis and regardless of
infection status of the cows. Interestingly, an increase in
IL-10 secretion after the addition of exogenous rTGF- to
cell culture was observed. Similarly, exogenous rIL-10
and rTGF-B suppressed the production of PPD-induced
IFN-y in PBMC from PPD skin test-positive individuals
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(Otheino et al., 1999). Synergistic effects of TGF-B and
IL-10 were observed with a greater reduction in IFN-y
production noted for cultures containing both cytokines
as compared to cultures containing only TGF-B or IL-10.
The least suppression was noted with the addition of
IL-10 alone, indicating that TGF- mediates suppression
of IFN-y both directly and indirectly through IL-10.

DCs and co-stimulatory molecules

Development of Tregs is dependent upon Th cell
interactions with mature DCs and, in reciprocity, Treg
cytokines, IL-10 and TGF-B, exercise control through
inhibition of DC maturation and down-regulation of co-
stimulatory molecules such as B7 and CD40 (Cederbom
et al., 2000; Misra et al., 2004). Co-stimulatory molecules
B7.1 (CD80), B7.2 (CD86), and CD40 are present on DCs,
whereas their counterparts, CD28, CTLA-4 (CD152), and
CDA40L are present on resting and activated T-cells. They
play key roles in APC-T-cell interactions, initiating the
activation of T-cells and culminating in the production
of TFN-y. A schematic representing the interactions
between DCs and T-cells and their associated co-
stimulatory molecules is presented in Fig. 1. Exposure
to mycobacterial antigens has been shown to up-regulate
expression of MHC I and II, and co-stimulatory molecules
such as CD80, CD86, and CD40 on APCs (Latchumanan
et al., 2002; Florido er al., 2004). CD80 and CD86 were
up-regulated on a DC line after incubation with live
M. tuberculosis for 18 h (Tascon et al., 2000). In addition,
increased expression of TNF-, IL-6, IL-1ct, and IL-12 was
noted in the DC, indicating that up-regulation of the
co-stimulatory molecules was correlated with protective
immunity. Depending upon the presence of factors
such as cytokines, chemokines, heat shock proteins,
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eicosanoids, and extracellular matrix components, DCs
can bias the polarization of T-cells into Thl, Th2, or
T regulatory subsets (Kapsenberg, 2003). In the event
that Treg cells are able to generate cell-to-cell contact
with DCs through CD80, CD86, and CTLA-4, they can
negatively impact T-cell activation (Mills, 2004).
Exposure to M. tuberculosis antigens has been
shown to induce differentiation and maturation of DC
(Latchumanan et al., 2005). Following re-exposure to
M. tuberculosis cell extract, DC expression of CD86 was
up-regulated at least 10-fold along with concomitant
increases in IL-10 and TGF-B secretion, resulting in
decreased secretion of IFN-y. After blocking CD86, IL-10
and TGF-B with antibodies, IFN-y production was re-
stored indicating that re-exposure to antigen could effec-
tively shift the T-cell response from a pro-inflammatory
response to a suppressor response (Latchumanan et al.,
2005). The induction of IL-1 secretion by DC upon
exposure to mycobacteria may also play a role in
determining which pathway will be stimulated. Mono-
nuclear cells exposed to mycobacteria, including
M. paratuberculosis, respond with a robust secretion of
IL-1 (Stabel, 2000; Greenwell-Wild et al., 2002; Cagatay
et al., 2005), yet its influence on innate versus adaptive
immunity is not fully understood. A recent study
evaluated the effects of IL-1-driven maturation of mono-
cytes on the ability of resulting DC to activate T-cell
responses to M. bovis BCG (Makino et al., 2000).
Inhibition of T-cell responses was dependent upon the
concentration of IL-1ow used to pretreat the monocytes
with declining levels of IFN-y and IL-12p70 observed.
Although a mechanism for the IL-1a inhibition was not
elucidated, the experimental evidence precluded a role
for IL-10 as a contributor to the impaired T-cell responses.
IL-10-mediated suppression of Thl responses as
observed in the latter stages of mycobacterial infection
has been further associated with the down-regulation of
co-stimulatory molecules on APC and associated T-cells.
This was demonstrated after priming of PBMC from
patients with pulmonary tuberculosis with heat-killed
M. tuberculosis resulted in decreased expression of
CTLA-4 (Gong et al., 1996). The addition of anti-IL-10 to
cell cultures resulted in increased IFN-y production
through stimulation of IL-12, and up-regulation of CTLA-4
expression on T-cells (Gong et al., 1996). Similarly,
reduced expression of CD86 and CD40 on monocytes
from tuberculin positive donors was observed after pre-
treatment of cells with IL-10 and following stimulation
with irradiated M. tuberculosis (de la Barrera et al., 2004).
Neutralization of IL-10 activity reversed these effects,
resulting in the up-regulation of these co-stimulatory
molecules as well as inducing CD8+ lytic activity.
Although proliferation and activation of CD4+ and Yo
T-cells after stimulation with M. tuberculosis were
inhibited by IL-10 and TGF-B, the cytokines did not
demonstrate either additive or synergistic behavior and
appeared to utilize different mechanisms of inhibition

https://doi.org/10.1017/51466252307001168 Published online by Cambridge University Press

(Rojas et al., 1999). In this study, down-regulation of
co-stimulatory molecules CD40, CD80, and CD86 was
observed on monocytes incubated with M. tuberculosis
and either IL-10 or TGF-B, with more significant effects
contributed by IL-10.

TGF-B was further demonstrated to reduce CD40
expression on APC and inhibit production of IL-12 due
to direct effects on IL-12 p40 gene transcription and
transcript stability (Takeuchi et al., 1998). The ligation of
CD40 on APCs with CD40L on T-cells provides a stimulus
for T-cell-mediated immunity against intracellular patho-
gens such as mycobacteria (Yamauchi et al., 2000,
Demangel et al., 2001). Although studies have suggested
key roles for both co-stimulatory molecules in myco-
bacterial infections other reports have suggested that
CD40L plays little part in mediating host responses (Larkin
et al., 2002; Lazarevic et al., 2003). Currently, there are no
reports in the literature providing information on the
expression of co-stimulatory molecules on APCs and
T-cells during M. paratuberculosis infection. Although it is
likely that the pattern of expression of these molecules is
similar in other mycobacterial infections, this area of
research needs to be addressed before one can draw any
conclusions on the involvement of such molecules in the
regulation of paratuberculosis.

Summary

The host immune response to mycobacterial pathogens is
a complex series of coordinated events, leading in the
best case scenario to clearance of the pathogen but most
likely to adequate control of infection. The loss of control
observed in some hosts may be due to genetic factors
increasing the risk of susceptibility or may be provoked
by exogenous stressors such as parturition, malnutrition,
or secondary viral or bacterial infections. Some of the
perturbations in the host immune response to myco-
bacterial infections that contribute to the loss of control
and subsequent immunopathology of advanced disease
have been discussed here yet it is clear that these are only
pieces of the puzzle. Once a broader understanding of the
factors that invoke either protective or evasive immunity
is obtained, it will be possible to design intervention
strategies to prevent infection.
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