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INFECTIONS WITH MYCOBACTERIUM AVIUM SUBSP.
PARATUBERCULOSIS

Infection of ruminant species with the facultative intracel-
lular bacterium Mycobacterium avium subsp. paratuberculo-
sis causes a fatal granulomatous enteritis known as Johne’s
disease or paratuberculosis. In cattle, Johne’s disease is re-
sponsible for significant losses to the U.S. dairy industry (an
estimated $220 million per year) (65). M. avium subsp. para-
tuberculosis can infect monogastric species (5, 13), and al-
though this is still highly controversial, M. avium subsp. para-
tuberculosis has been implicated as a causal or exacerbating
agent in human Crohn’s disease (12, 46).

M. avium subsp. paratuberculosis preferentially resides in
phagosomes or early endosomes of host macrophages, pre-
dominately those associated with ileal Peyer’s patches (6, 19,
43). Entry of M. avium subsp. paratuberculosis is mediated by
intestinal M cells (43) and is likely dependent upon expression
of the bacterial major membrane protein, on binding of fi-
bronectin, or both (3, 51, 52). In severe cases, M. avium subsp.
paratuberculosis may be found in macrophages distributed
throughout a number of tissues in infected animals (29, 33),
although even in these cases, the majority of organisms are
found associated with macrophages infiltrating intestinal tis-
sues and adjacent draining lymph nodes (reviewed in reference
30).

Infections with M. avium subsp. paratuberculosis usually per-
sist in a subclinical state for several years (32, 40, 41, 56).
Intestinal lesions develop during the subclinical period of in-
fection and are often of a diffuse granulomatous nature, largely
restricted to the ileum and particularly to the ileocecal valve
region of the small intestine (66). Pathology associated with M.
avium subsp. paratuberculosis infection is largely due to chronic
inflammation of infected tissues (11, 49, 57). Lymph nodes
draining sites of M. avium subsp. paratuberculosis infection
often exhibit hyperplasia with enhanced numbers of T cells, B
cells, and infiltrating macrophages (11, 47). In addition, large
numbers of acid-fast bacilli may be found in lymph nodes of
infected cattle and sheep, predominantly associated with infil-
trating macrophages (16, 19).

OVERVIEW OF IMMUNE RESPONSE TO M. AVIUM
SUBSP. PARATUBERCULOSIS

Immune reactions to M. avium subsp. paratuberculosis have
recently been reviewed (22, 48, 55) and thus will be presented
here only in brief form. Following initial exposure to M. avium
subsp. paratuberculosis, an appropriate T-cell response, char-
acterized by release of proinflammatory cytokines such as
gamma interferon (IFN-�), interleukin-1� (IL-1�), and IL-6,
as well as production of IL-2, develops (reviewed in reference
22). Because M. avium subsp. paratuberculosis is largely re-
stricted to growth within macrophages, proinflammatory and
cytotoxic responses are essential for control of infection. How-
ever, during the late subclinical phase of M. avium subsp.
paratuberculosis infection, the proinflammatory type 1-like re-
sponse is often muted or lost. Thus, in late-stage disease a type
2-like response, characterized by production of immunoglob-
ulin G1 (IgG1) antibodies, predominates (reviewed in refer-
ences 22 and 55). This shift in the predominant immune re-
sponse is often associated with progression to clinical disease.
A similar phenomenon has been linked to clinical disease as-
sociated with mycobacterial infections in other species, includ-
ing mice and humans (2, 25). The mechanisms responsible for
loss or reduction of type 1-like responses to mycobacteria,
including M. avium subsp. paratuberculosis, are unknown but
may be related to undefined host genetic factors, to constant
exposure of immune cells to antigen released from infected
macrophages, or to development of antigen-specific or general
regulatory cell populations.

Recent evidence from transgenic knockout mice confirms
that cytokine signaling plays a major role in the host defense
against mycobacteria. Mice deficient in the immunoregulatory
cytokine IL-10 are able to control mycobacterial infections
better than their wild-type counterparts (45), presumably due
to the immune-modulating effects of IL-10. In contrast, mice
deficient in IL-4 (a classic type 2 cytokine) exhibit enhanced
pathology associated with mycobacterial infections (59). Like-
wise, mice deficient in tumor necrosis factor alpha (TNF-�)
production display enhanced dissemination of various myco-
bacteria following infection and exhibit diffuse granulomatous
lesions at sites of active infection (31). TNF-� activates naive
macrophages and is essential for formation of granulomas
around sites of mycobacterial infection. Granuloma formation
isolates the focus of infection, contains bacteria, and prevents
dissemination to new sites (50). It is also well established that
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IFN-� is required to fight infection with mycobacteria in a
number of species (17, 26, 68), and thus, IFN-�-regulating
cytokines, such as IL-12 and IL-18, would seem to be impor-
tant in limiting infection. Indeed, IL-12-deficient mice display
enhanced susceptibility to mycobacterium-induced disease, al-
though the p40 subunit of IL-12 appears to be more important
in resistance than the smaller p35 subunit (18). The impor-
tance of the IL-12 p40 subunit may be related to formation of
IL-23, a heterodimeric cytokine comprised of the IL-12 p40
subunit and another 19-kDa polypeptide (p19) (18). IL-23, like
IL-12, stimulates production of IFN-�, although IL-23 activity
may be restricted to memory T cells (37). Similar to the case
for IL-12 deficiency, IL-18-deficient mice are less able to re-
strict infections with various mycobacteria and display reduced
levels of IFN-� production at sites of infection (58).

Although the aforementioned studies have focused predom-
inantly on mycobacteria other than M. avium subsp. paratuber-
culosis (primarily M. tuberculosis and M. bovis BCG), IFN-� is
also one of the major cytokine genes activated in response to
M. avium subsp. paratuberculosis infection in cattle and other
ruminants (10, 54). However, the role of other cytokines in
M. avium subsp. paratuberculosis infections is less well delin-
eated. Recent data, acquired through application of functional
genomic tools and quantitative real-time reverse transcriptase
PCR to studies of the immune response during natural and
experimental infection of cattle with M. avium subsp. paratu-
berculosis, have begun to shed considerable light on the host
response to this organism (1, 20, 21, 23, 24, 38, 63, 64). In this
paper, a model for interactions between M. avium subsp. para-
tuberculosis and the bovine immune system is presented. The
proposed model has been developed to be consistent with most
lines of experimental evidence gathered to date and suggests
several readily testable hypotheses that may help to focus fu-
ture work. As with all models, it is expected that some pro-
posed mechanisms will be substantiated by additional experi-
mentation, some will be greatly expanded, and still other
components of the model will be refuted. Early interactions of
M. avium subsp. paratuberculosis with the host have recently
been reviewed (22, 55), and thus, I begin describing the pro-
posed model at the stage after initial infection is established
and M. avium subsp. paratuberculosis has successfully colonized
intestinal macrophages.

MODEL FOR INTERACTIONS BETWEEN M. AVIUM
SUBSP. PARATUBERCULOSIS AND THE

HOST IMMUNE SYSTEM

Development of lesions typical of Johne’s disease. Infection
with M. avium subsp. paratuberculosis leads, in many cases, to
an early proinflammatory and cytotoxic response, which is ap-
propriate for control of an intracellular pathogen (reviewed in
reference 22). However, in later stages of infection, this re-
sponse is replaced with a predominant humoral IgG1 response
and, in many cases, an antigen-specific T-cell anergy is ob-
served in peripheral immune cells (15, 34, 35). Recent studies
with experimentally infected calves have challenged this dog-
ma, demonstrating that humoral immune responses may occur
very early after inoculation (62). However, the dosage, timing
of exposure, and routes of entry in these studies were likely
different than those in natural exposure, complicating inter-

pretation. Other studies, using experimental infection through
oral dosing and natural infection, suggest that the humoral re-
sponse does not dominate until later in the infection cycle (42).

As infection with M. avium subsp. paratuberculosis pro-
gresses, macrophages are recruited to sites of active infection
(9, 47). Genes encoding adhesion molecules and several fac-
tors likely responsible for macrophage recruitment are up-
regulated at sites of infection, including �1 integrin (CD29),
NCAM (CD56), and monocyte chemotactic protein-2 (1). If
properly activated (through interaction with IFN-�), newly re-
cruited macrophages may be successful in destroying M. avium
subsp. paratuberculosis following phagocytosis (68). TNF-� sig-
naling does not appear to be involved in macrophage activation
at sites of M. avium subsp. paratuberculosis infection, and, in
fact, expression of this cytokine may be specifically limited by
M. avium subsp. paratuberculosis infection through as-yet-un-
known mechanisms (1, 24, 38).

Activated intestinal macrophages produce increased amounts
of IL-1� (1). In some cases, production of IL-1� may reach
extremely high levels (�10-fold greater than normal), opening
the possibility that some common outward signs of clinical
Johne’s disease are due to IL-1� toxicity (1). In the proposed
model (Fig. 1), enhanced production of IL-1� at sites of infec-
tion is coincident with or leads to upregulation of TNF recep-
tor-associated factor 1 (TRAF1) in infiltrating macrophages
(1). TRAF1 is a strongly antiapoptotic protein that associates
with TRAF2, limiting CD40-, TNF-�-, IL-1-, and Fas (CD95)-
mediated signaling and programmed cell death (8, 27, 61).
CD95 expression in monocytes and macrophages appears to be
a proinflammatory event, and thus upregulation of TRAF1
may be one mechanism used to control this response. En-
hanced expression of TRAF1 would also tend to limit signaling
through CD40-CD40 ligand (CD154) (27). It is proposed that
the combination of macrophage recruitment and prolonged
macrophage survival is responsible for increases in numbers of
macrophages surrounding sites of M. avium subsp. paratuber-
culosis infection. When combined with a failure to express
sufficient TNF-� for efficient granuloma formation, macro-
phage recruitment and reduced apoptosis of resident macro-
phages could lead to the diffuse granulomatous appearance of
many M. avium subsp. paratuberculosis infection sites. This
model also opens the possibility that limiting macrophage ap-
optosis is one mechanism ensuring survival of intracellular
M. avium subsp. paratuberculosis.

Expression of IFN-� and IL-6 transcripts is also enhanced at
sites of active M. avium subsp. paratuberculosis infection in
intestinal tissues (24), but expression of a proinflammatory
phenotype may be partially tempered by enhanced production
of transforming growth factor � in infected tissues (Fig. 1) (24,
38). IL-8 gene expression is enhanced in intestinal tissues from
M. avium subsp. paratuberculosis-infected cattle relative to con-
trols (24). Enhanced production of IL-8 may be a consequence
of IL-1� overexpression and stimulation of macrophages (67).
Curiously, although IL-8 is chemotactic for neutrophils and
lymphocytes, lesions associated with M. avium subsp. para-
tuberculosis infection typically contain fewer neutrophils and
lymphocytes than tissue from uninfected controls (34, 38, 44).

It is proposed that tissue damage at sites of M. avium subsp.
paratuberculosis infection ensues due to the chronic inflamma-
tory immune response, overproduction of IL-1�, and release of
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reactive oxygen species from activated macrophages and pos-
sibly from neutrophils (Fig. 1). At present, a role for eosino-
phils, recruited to sites of infection by enhanced expression of
IL-5 (24), as a contributing factor in tissue damage early in
infection and the continued proinflammatory reaction cannot
be discounted, although histological evidence for eosinophils
within M. avium subsp. paratuberculosis-induced lesions is lack-
ing.

Development of a proinflammatory T-cell population and
humoral response in lymph nodes draining sites of M. avium
subsp. paratuberculosis infection. As with any infection, mac-
rophages and/or dendritic cells that have phagocytosed and
processed M. avium subsp. paratuberculosis migrate to local
lymph nodes and present antigen to resident T and B cells. A
recent study however, indicates that macrophages persistently
infected with M. avium subsp. paratuberculosis are deficient in
stimulation of antigen-reactive T cells (69). Despite lower ex-
pression of major histocompatibility complex class II in some
M. avium subsp. paratuberculosis-infected macrophages (63),
lack of T-cell stimulation was not found to be due to differ-
ences in expression of major histocompatibility complex class
II, ICAM-1, CD40, B7.1, or B7.2 (69). These results suggest

FIG. 1. Proposed in vivo immune responses during progressive in-
fection with M. avium subsp. paratuberculosis. (A) Early lesions asso-
ciated with M. avium subsp. paratuberculosis infection likely develop in
ileal Peyer’s patches and consist of numerous infected macrophages.
Infected macrophages express enhanced amounts of adhesion mole-
cules, IL-1�,and TRAF1, leading to enhanced macrophage survival.
Dendritic cells (DC) or macrophages successful in degrading M. avium
subsp. paratuberculosis migrate to local lymph nodes, presenting anti-
gen and stimulating reactive T cells to produce IFN-� and proliferate
via IL-2/CD25 signaling (red circles). IFN-�-producing proinflamma-

tory T cells released to the vascular system circulate, eventually mi-
grating to sites of M. avium subsp. paratuberculosis infection, perhaps
attracted by enhanced levels of IL-8 produced by infected macro-
phages. Both antigen-primed CD4� T cells and infected macrophages
produce IFN-�, possibly activating newly recruited macrophages and
helping to control or restrict the infection. A suppressor cell popula-
tion capable of producing IL-10 is likely already present in lymph
nodes, albeit in very small numbers (blue circles). At sites of infection,
transforming growth factor � (TGF-�) may be expressed in a attempt
to suppress or dampen the early proinflammatory response. (B) In late
subclinical infection, continued expansion of the infection has oc-
curred through migration of infected macrophages throughout the
ileum. Failure to express TNF-� and to contain the infection in gran-
ulomas is one factor likely contributing to this disseminated infection.
In late subclinical infection, the numerous macrophages within lesions
produce significant amounts of IL-1�, perhaps causing mild IL-1�
toxicity. Continued migration of macrophages and/or dendritic cells to
local lymph nodes, combined with a prolonged proinflammatory re-
sponse, has resulted in enhanced proliferation of an IL-10-producing
suppressor cell population (blue circles). The balance of proinflamma-
tory (red circles) and suppressor cells leads to loss of IFN-� and IL-6
production at sites of infection and in local lymph nodes. Reduced
production of IFN-� may help propagate and expand the infection, as
newly recruited macrophages would not be sufficiently activated to kill
M. avium subsp. paratuberculosis. A population of cytotoxic suppressor
cells has begun to proliferate within local lymph nodes (black-outlined
red circles), although not in sufficient numbers to control the activated
proinflammatory cells. (C) In clinically infected cattle, the ileum is
heavily infected and is typically thickened, reducing transport of nu-
trients. It is proposed that large numbers of infected macrophages
produce sufficient IL-1� to cause outward signs of toxicity. In local
lymph nodes, continued expansion of a cytotoxic suppressor cell pop-
ulation (black-outlined red circles) has removed many of the M. avium
subsp. paratuberculosis-reactive proinflammatory T cells (red circles)
present during late subclinical infection. Loss of proinflammatory cells
has reduced the need for IL-10-producing suppressor cells (blue cir-
cles). Indeed, if these cells are T regulatory cells, their continued
proliferation may depend upon IL-2 released from the proinflamma-
tory cells. Complete or nearly complete loss of an antigen-specific
response allows the infection with M. avium subsp. paratuberculosis to
progress essentially unchecked. Although not represented in this fig-
ure, antigen-reactive B-cell populations have continued to proliferate,
and the remaining immune response is largely production of IgG1.
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that T-cell stimulation may be restricted to macrophages that
successfully destroy M. avium subsp. paratuberculosis or to den-
dritic cells.

Pathogen antigens and activated helper T cells would stim-
ulate B cells to differentiate and begin production of IgM and
IgG1 antibodies against M. avium subsp. paratuberculosis an-
tigens. The precise timing of antibody production likely de-
pends upon the route of entry and dose, with higher initial
doses of M. avium subsp. paratuberculosis leading to more
rapid production of antibody (62). The potential role of ton-
sillar tissues in initial immune responses to M. avium subsp.
paratuberculosis is an interesting recent proposal that may dra-
matically affect the timing of B-cell differentiation and anti-
body production (62).

Similar to the case for sites of infection, IL-8 mRNA expres-
sion is enhanced in local lymph nodes of infected cows relative
to uninfected controls (24). Likely sources of IL-8 mRNA
expression in these tissues are activated macrophages and/or
dendritic cells, although a role of other cell types in production
of IL-8 cannot be ruled out. Based on cytokine gene expression
profiles (24), it is reasonable to postulate that an inflammatory
or type 1-like response develops within lymph nodes draining
sites of M. avium subsp. paratuberculosis infection following
presentation of antigen to naive T cells (Fig. 1). This response,
however does not appear to involve TNF-� (24, 38). Expansion
of antigen-reactive T cells (proinflammatory cells) is likely to
occur within lymph nodes, stimulated by enhanced IL-2 expres-
sion (24) and IL-2/CD25 signaling (Fig. 1).

Proinflammatory cells released into circulation during this

FIG. 2. Proposed in vitro responses of PBMCs from progressively
infected cows to stimulation with M. avium subsp. paratuberculosis.
(A) Removal of peripheral immune cells from early-stage infected
cows and stimulation in vitro with M. avium subsp. paratuberculosis
results in a minor population of antigen-reactive proinflammatory T
cells (red circles) producing significant amounts of IFN-�. Expression
of IL-6 and IL-1� is also upregulated in these proinflammatory cells. A
small number of suppressor T cells (blue circles) may also be present
in PBMCs from cattle in early stages of infection, but in numbers
insufficient to control the proinflammatory response. Many peripheral
immune cells are present in PBMC preparations that are not reactive
to M. avium subsp. paratuberculosis antigens (green circles). Thus, the
predominant response to in vitro stimulation of PBMCs from cattle at
this stage of infection is production of IFN-�, IL-6, and IL-1�.

(B) PBMCs during the late subclinical stage of infection contain high
numbers of M. avium subsp. paratuberculosis-reactive proinflammatory
cells (red circles) that are already activated and produce significant
amounts of IFN-� and IL-6, even without further antigen stimulation
in vitro (Nil). In vitro, production of IFN-�, IL-6, and perhaps IL-1� is
rapidly enhanced by introduction of M. avium subsp. paratuberculosis
antigens, although this response is eventually quelled by IL-10 pro-
duced from large numbers of activated suppressor cells (blue circles).
Overall, the percentage of non-M. avium subsp. paratuberculosis-reac-
tive cells (green circles) has been reduced, although the balance of
CD4�, CD8�, and �� TCR� T cells has not changed appreciably.
(C) Due to the presence of large numbers of cytotoxic suppressor cells
and reduced numbers of proinflammatory cells, PBMCs extracted dur-
ing clinical stages of infection produce less IFN-� and IL-6 in response
to M. avium subsp. paratuberculosis antigens than cells from late sub-
clinically infected cattle. Loss of IL-10-producing suppressor cells,
which are present in large numbers during subclinical infection, also
leads to lower production of this cytokine in PBMCs from clinically
infected cattle. Prolonged in vitro stimulation (�16 h) of PBMCs from
clinically infected cattle with M. avium subsp. paratuberculosis antigens
results in apoptosis of many proinflammatory and cytotoxic suppressor
cells. PBMCs from cattle in clinical stages of Johne’s disease thus
produce little IFN-�, IL-6, and IL-1� in response to M. avium subsp.
paratuberculosis antigens, although continued proliferation of the cy-
totoxic cell population has caused a profound change in the pattern of
gene expression observed in PBMCs from these animals relative to
those from uninfected cattle or cattle in earlier stages of infection.
Although not shown in this figure, the predominant remaining re-
sponse to M. avium subsp. paratuberculosis in clinically infected cattle
is production of IgG1 from antigen-stimulated B cells. The proposed
cytotoxic cell population may also kill non-M. avium subsp. paratuber-
culosis-reactive T cells in vitro (and perhaps in vivo), thus leading to an
observed general immune cell anergy in PBMCs from clinically in-
fected cattle.
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period of infection would lead to delayed-type hypersensitivity
responses, as well as positive responses in the in vitro IFN-�
stimulation test (Fig. 2). Results from gene expression profiling
and real-time reverse transcriptase PCR suggest that the pop-
ulation of circulating proinflammatory T cells produces large
amounts of IFN-� mRNA, as well as enhanced levels of IL-6,
IL-1�, and IL-8 mRNAs, without further antigen stimulation
(21, 24). These data also support a previous report that pe-
ripheral blood mononuclear cells (PBMCs) from Johne’s dis-
ease-positive cows expressed an IL-1-like comitogenic activity
(36). In cases where M. avium subsp. paratuberculosis antigen
stimulation of peripheral leukocytes has been carried out for
extended periods in vitro, the predominant proliferating cell
populations are CD4� T cells and cytotoxic �� T-cell receptor-
positive (TCR�) T cells (15). It was postulated that the anti-
gen-reactive CD4� T cells were effector cells, while the ��
TCR� T cells may serve a cytotoxic immunoregulatory role
that could be dampened by the presence of a CD8� T-cell
population (14, 15). This interpretation is consistent with mea-
sures of relative amounts of IFN-� produced by various T-cell
subsets in response to M. avium subsp. paratuberculosis stimu-
lation (4) and with the proposed eventual development of both
suppressor and cytotoxic immunoregulatory T-cell populations
in lymph nodes draining sites of M. avium subsp. paratubercu-
losis infection (Fig. 1).

Development of a suppressor T-cell population in lymph
nodes draining sites of M. avium subsp. paratuberculosis infec-
tion. It is proposed that, in an effort to stem tissue damage due
to local inflammatory responses, a population of noncytotoxic
suppressor T cells expressing IL-10, perhaps in an antigen-,
cell-, or cytokine-restricted manner, eventually develops within
lymph nodes draining sites of M. avium subsp. paratuberculosis
infection (24) (Fig. 1). Development of such a cell population
would be similar to those observed in antigen-induced T-cell
tolerance (53) and may require the presence of specific CD5�

B cells (7). As with the proinflammatory cell population, ex-
pansion of suppressor T cells likely occurs through IL-2/CD25
autocrine or paracrine signaling but initially lags behind ex-
pansion of the proinflammatory T-cell population. In this mod-
el, as long as the proinflammatory/suppressor cell population
ratio is skewed in favor of the proinflammatory population,
infected cattle will show positive responses to the in vitro IFN-
� assay (Fig. 1 and 2).

Suppressor T cells may be of the �� T-cell subtype and
therefore may also be stimulated to proliferate by IL-15. How-
ever, it is more likely that the initial noncytotoxic suppressor
cells are type 2-like CD4� cells, producing IL-10, IL-4, and
IL-5, or T regulatory cells, producing IL-10 and little, if any,
IL-2, IL-4, and IL-5 (7). In either case, it is proposed that an
unsteady equilibrium eventually is obtained, with suppression
of the local proinflammatory response (Fig. 1) and perhaps
accentuation of a B-cell response. This hypothesis is consistent
with relatively low levels (compared to what is produced in
PBMCs) of IFN-� mRNA found within lesions and lymph
nodes of infected cattle (24). Furthermore, low levels of IFN-�
at these sites is also consistent with continued production of
IgG1 by antigen-stimulated B cells, because IFN-� production
is required for efficient class switching to IgG2. While helping
to curb local inflammatory reactions, a reduction or loss of
IFN-� production may cause newly recruited macrophages to

be susceptible to persistent infection with M. avium subsp.
paratuberculosis (particularly without a significant TNF-� re-
sponse), expanding foci of infection (Fig. 1).

Although it is proposed that IL-10 is a major early regulator
of the proinflammatory response to M. avium subsp. paratu-
berculosis in subclinically infected cows (especially at sites of
infection and adjacent lymph nodes), it is unlikely that IL-10 is
the only mechanism used to control tissue injury. This is par-
ticularly evident in clinically infected cattle, where enhanced
production of IL-10 mRNA in PBMCs exposed to M. avium
subsp. paratuberculosis is not detected as it is in PBMCs from
subclinically infected cows (24). One intriguing hypothesis is
that a cell type capable of inducing apoptosis in proinflamma-
tory cells (cytotoxic immunoregulatory cells) also develops
within lymph nodes of infected cattle (Fig. 1). This suggestion
is consistent with previous experimental evidence (14, 15) and
with the proapoptotic gene expression profile observed in
mixed PBMCs from Johne’s disease-positive cows following
overnight in vitro exposure to M. avium subsp. paratuberculosis
(Fig. 1 and 2) (20, 23). Development of a cytotoxic regulatory
cell would also tend to destroy proinflammatory cells in vivo,
leading over time to antigen-specific anergy, as previously de-
scribed (15, 35), and to a predominantly regulatory T-cell phe-
notype in clinically infected cattle (Fig. 1). Although it is pos-
sible that the cytotoxic regulatory cell population is CD8�,
based on data from studies with humans (7), the TCR of these
cells could be of either the �� or the �� type. Existing exper-
imental evidence, although slight, suggests that in M. avium
subsp. paratuberculosis-infected cattle, these cells are likely ��
TCR� and CD8� (14, 15).

In subclinical infections, it is proposed that B cells, as well as
both proinflammatory and suppressor T cells, continue to pro-
liferate in lymph nodes draining sites of M. avium subsp. para-
tuberculosis infection. Proliferation is likely fueled through
continued presentation of antigen by incoming macrophages
and/or dendritic cells and could explain the commonly ob-
served hyperplasia of lymph nodes draining sites of active M.
avium subsp. paratuberculosis infection (60). Interestingly, a
role for IL-4 in M. avium subsp. paratuberculosis infections has
not been established, as transcripts encoding this cytokine do
not appear to be enhanced in lymph nodes of infected cattle
and are not upregulated in PBMCs from infected cattle in
response to M. avium subsp. paratuberculosis stimulation in
vitro (24). The role of B cells in antigen presentation in lymph
nodes of M. avium subsp. paratuberculosis-infected cattle has
not been investigated. Given that B cells can be a significant
source for antigen presentation, this would seem to be an area
worthy of investigation. Furthermore, it is possible that pre-
sentation of soluble M. avium subsp. paratuberculosis-reactive
TCR fragments by CD5� or other B cells may play a role in
development of suppressor T cells (cytotoxic and noncyto-
toxic).

Effect of foci of infection and draining lymph nodes on
peripheral immune responses. Cellular interactions within le-
sions and particularly within lymph nodes draining sites of M.
avium subsp. paratuberculosis infection are likely to have a
profound effect on peripheral immune responses, both in vivo
and in vitro. Both types of T cells discussed above (proinflam-
matory and suppressor) would undoubtedly be able to enter
the general circulation. It is proposed that, once released into
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circulation, activated proinflammatory cells are released from
IL-10-mediated suppression and produce IFN-�, IL-1�, and
IL-6 (Fig. 2). Proinflammatory cells in peripheral circulation
would then be responsible for observed delayed-type hyper-
sensitivity activity (39) and may contribute to the common
clinical signs of Johne’s disease-positive cows (particularly by
production of IL-1�).

Removing peripheral cells at this point and placing them in
culture without antigen stimulation allows production of sig-
nificant amounts of IFN-� mRNA, as well as enhanced levels
of IL-1� and IL-6 mRNAs (21, 24) (Fig. 2). Enhanced produc-
tion of IFN-� following in vitro stimulation of PBMCs from
infected cows with M. avium subsp. paratuberculosis represents
somewhat of a quandary, in view of the fact that IL-12 p35
appears to be downregulated in these same cells (24). It should
also be noted that even in isolated macrophages, M. avium
subsp. paratuberculosis only transiently enhances expression of
IL-12 p35, despite continued presence of the pathogen in
phagosomes (64). The answer to this quandary may come from
the fact that, despite repressed expression of IL-12 p35, ex-
pression of mRNA encoding the IL-12 p40 subunit is enhanced
in M. avium subsp. paratuberculosis-stimulated PBMCs (P. M.
Coussens, N. Verman, A. McNulty, and C. Colvin, unpublished
observations) and in M. avium subsp. paratuberculosis-infected
macrophages (69). In association with p19, IL-12 p40 produces
IL-23, a potent stimulator of IFN-� expression in memory T
cells (37). This hypothesis is entirely consistent with the differ-
ential regulation of genes encoding the IL-12 p35 and p40
subunits (28).

It is proposed that the noncytotoxic type 2-like suppressor
cell population or T regulatory cell requires either contact with
antigen, close contact with proinflammatory cells, or contact
with products of these cells to produce significant amounts of
IL-10. This hypothesis suggests that in circulation, suppressor
cells may be relatively benign and do little to limit IFN-�, IL-1,
and IL-6 production by proinflammatory cells. However, if
M. avium subsp. paratuberculosis antigens are added to total
PBMCs in vitro (where close cell contact is much more likely
than in vivo), proinflammatory T cells continue to produce
IFN-�, IL-1�, and IL-6 mRNAs until the suppressor popula-
tion has been stimulated and produces enough IL-10 to quiet
the proinflammatory response (Fig. 2). This hypothesis is sup-
ported by data demonstrating that PBMCs from Johne’s dis-
ease-positive cows produce significant amounts of IFN-�
mRNA in vitro without further antigen stimulation. These data
also suggest that a significant population of activated T cells is
circulating in vivo (21, 24). Furthermore, this hypothesis is
consistent with data demonstrating that in vitro stimulation
with M. avium subsp. paratuberculosis causes an increase in
IL-10 mRNA production in PBMCs from subclinically infected
cows (24) and that infection of macrophages results in signif-
icant increases in production of IL-10 mRNA (64). Finally, the
temporal pattern of IFN-� and IL-10 production in M. avium
subsp. paratuberculosis-stimulated PBMCs from infected cows,
where peak production of IL-10 mRNA (18 h of stimulation)
lags behind peak production of IFN-� mRNA (2 to 8 h of
stimulation), is consistent with the proposed model (P. M.
Coussens, S. K. Chiang, and B. C. Tooker, unpublished obser-
vations).

The presence of a potential cytotoxic regulatory cell type

(possibly a type 2 CD8� T cell or a �� TCR� T cell) in M.
avium subsp. paratuberculosis-infected cows has been previ-
ously suggested (14, 15). If this is true, it is likely that this
population develops or expands after proinflammatory and
suppressor cell populations (Fig. 1). Postulation of such a cy-
totoxic cell population, whatever the subtype, is entirely con-
sistent with the proposed model (Fig. 1 and 2). In fact, such a
proposal offers one explanation for the general reduction in
PBMC gene expression, antigen and perhaps general immune
cell anergy, and lack of IL-10 response observed in M. avium
subsp. paratuberculosis-stimulated PBMCs from clinically in-
fected cows (24). As infections with M. avium subsp. paratu-
berculosis progress, a cytotoxic immunoregulatory cell would
limit immunopathology associated with infection in a manner
reminiscent of tolerance. By clearing antigen-reactive proin-
flammatory cells, such a mechanism would reduce the need for
IL-10-producing suppressor T cells or limit the activation of
these cells both in vivo and in vitro (Fig. 1 and 2). Thus, with
expansion of a cytotoxic regulatory cell population, the major
response of T cells to M. avium subsp. paratuberculosis stimu-
lation in vitro would be apoptosis, a hypothesis consistent with
experimental data (20, 23). In late-stage infection, following
development of the proposed suppressor and cytotoxic immu-
noregulatory cells, the major observed immune response to
M. avium subsp. paratuberculosis would be production of IgG1
by antigen-stimulated B cells.

CONCLUSION

In summary, a model is proposed by consolidating data from
numerous laboratories, focusing on cytokine gene and protein
expression and recent gene expression profiling work, to help
explain interactions between M. avium subsp. paratuberculosis
and the host immune system. The model begins after coloni-
zation of intestinal macrophages has been accomplished and
infection has progressed to the early subclinical stage. Several
key elements of the proposed model are early development of
a proinflammatory T-cell population within lymph nodes
draining sties of infection, followed by expansion of a noncy-
totoxic suppressor cell population capable of producing IL-10.
At this time it is impossible to assign specific cell types to these
populations, although previous data would suggest that the
proinflammatory cell population is likely to be CD4� (4) and
that the noncytotoxic suppressor cell may be of the �� TCR�

subtype, although experience with M. avium subsp. paratuber-
culosis and other pathogens would suggest that a CD4� T cell
is the more likely candidate (7, 60). In vivo, development of a
suppressor T-cell population, although helpful in limiting tis-
sue damage, severely restricts local proinflammatory and likely
cytotoxic immune activity, thus allowing expansion of M. avium
subsp. paratuberculosis infection. It is also proposed that IFN-
�-, IL-1�-, and IL-6-producing proinflammatory cells do not
require antigen for cytokine expression, although the IL-10-
producing suppressor population may require close contact
with either antigen, proinflammatory cells, or products pro-
duced by these cells for activation. The proposed model also
suggests that, depending upon the balance between proinflam-
matory and suppressor cell populations, PBMC responses to
M. avium subsp. paratuberculosis antigens in vitro will be quite
variable. In very-late-stage infections, it is proposed that a
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cytotoxic immunoregulatory cell develops and is in large part
responsible for the T-cell anergy often observed in PBMCs of
clinically infected cows.

Finally, in the proposed model, there is not actually an active
switch from a proinflammatory to an predominately IgG1 re-
sponse. The IgG1 response can develop at any time, depending
upon the dose of microbe and route of entry. Rather, the IgG1
response is simply what is left after the proinflammatory and
suppressor cells begin their uneasy balance. As infection
progresses and the proinflammatory cells are depleted, the
remaining predominant outward immune response would be
production of IgG1. It is at this time that infection might be
classified as both clinical and terminal.
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