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Mycobacterium avium subsp. paratuberculosis and Mycobacterium avium subsp. avium are antigenically and
genetically very similar organisms; however, they differ markedly in their virulence for cattle. We evaluated the
capacity of bovine macrophages infected with M. avium subsp. paratuberculosis or M. avium subsp. avium to
express major histocompatibility complex (MHC) class I and class II antigens on their surface and to interact
with primed autologous lymphocytes. Our results indicate that infection of bovine macrophages with M. avium
subsp. paratuberculosis promoted the downregulation of MHC class I and class II molecules on the macrophage
surface within 24 and 12 h, respectively. Alternatively, MHC class II expression by M. avium subsp. avium-
infected macrophages was not detected until 24 h after infection, and the magnitude of the decrease was
smaller. Decreased MHC class I expression by M. avium subsp. avium-infected macrophages was not detected.
Unlike M. avium subsp. paratuberculosis-infected macrophages, M. avium subsp. avium-infected macrophages
upregulated MHC class I and class II expression after activation by gamma interferon or tumor necrosis factor
alpha. Further, M. avium subsp. avium-infected macrophages were lysed by primed autologous lymphocytes,
whereas M. avium subsp. paratuberculosis-infected macrophages were not. Overall, the results support the
hypothesis that the difference in the virulence of M. avium subsp. paratuberculosis and M. avium subsp. avium
for cattle is dependent on a difference in the capacity of the organisms to suppress mycobacterial antigen
presentation to T lymphocytes.

Mycobacterium avium subsp. paratuberculosis and Mycobac-
terium avium subsp. avium are antigenically and genetically
very similar organisms (8, 21). Despite considerable study,
clear antigenic differences between the organisms have not
been identified; at the nucleotide level, the two organisms are
99.6% conserved (14, 21). However, a few insertion sequences,
including IS900, IS1311, and F57, appear to be unique to M.
avium subsp. paratuberculosis (10, 16, 19). Despite the similar-
ity, the virulence of the two organisms for cattle is markedly
different. M. avium subsp. paratuberculosis organisms localize
in the intestinal lamina propria and submucosa and produce a
chronic granulomatous enteritis termed Johne’s disease. Intes-
tinal lesions develop over several months after infection and
are characterized by loose aggregates of epithelioid macro-
phages and giant cells (7). Conspicuously absent from lesions
are lymphocytes and neutrophils, and tubercle formation does
not occur.

Unlike M. avium subsp. paratuberculosis, M. avium subsp.
avium is relatively nonpathogenic for cattle (11). Organisms
appear to enter through the intestinal tract and localize in
lymph nodes. Cattle typically mount an effective systemic im-
mune response, form caseous granulomas, and eliminate the
organisms (11).

Some cattle appear to eliminate M. avium subsp. paratuber-
culosis infections, while others develop chronic disease, al-

though this phenomenon has not been completely studied.
Currently, the immune mechanisms responsible for suscepti-
bility or resistance to infection are poorly characterized. Both
cell-mediated and humoral immune responses have been re-
ported to occur in the subclinical stage of Johne’s disease (3,
25). However, considerable individual variations in cell-medi-
ated immune responsiveness appear to occur, and immune
responses may not occur until late in the subclinical stage of
disease (6, 25).

To better understand components of the immune response
that determine resistance or susceptibility to M. avium subsp.
paratuberculosis, we used an in vitro model to study major
histocompatibility complex (MHC) class I and class II antigen
expression by macrophages infected with M. avium subsp. para-
tuberculosis. The results were compared to those for macro-
phages infected with M. avium subsp. avium.

MATERIALS AND METHODS

Bacteria. M. avium subsp. paratuberculosis strain 19698 was obtained from the
American Type Culture Collection. The strain was isolated from the feces of a
cow with naturally acquired Johne’s disease. This strain has been extensively
characterized (17) and has been adapted to growth in 7H9 broth supplemented
with OADC (Difco Laboratories, Detroit, Mich.), Tween 80, and mycobactin J
(Allied Laboratories, Ames, Iowa). The organisms were grown to approximately
108 per ml, washed, and resuspended in 7H9 broth containing OADC, Tween 80,
mycobactin J, and 5% fetal bovine serum. M. avium subsp. avium strain 35716,
isolated from a cow, was obtained from the American Type Culture Collection
and grown as described above for M. avium subsp. paratuberculosis. Both organ-
isms were stored at 4°C for up to 3 months. The viability of organisms was
assessed at least once per month by use of standard colony-counting assays.

Cell culture procedure. Heparinized blood was obtained from five adult dairy
cows from a Johne’s disease-free herd at the University of Minnesota. Mononu-
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clear cells were isolated by use of Ficoll-Hypaque density gradient centrifugation,
washed, and resuspended at 3 3 106 cells/ml. For preparation of monocyte-
derived macrophages, 5 3 106 mononuclear cells were allowed to adhere to a
tissue culture plate for 90 min, and nonadherent cells were washed off. Adherent
cells were cultured for 6 days at 37°C in 5% CO2 in RPMI 1640 tissue culture
medium supplemented with 10% fetal bovine serum. Monocyte-derived macro-
phages were infected with M. avium subsp. paratuberculosis or M. avium subsp.
avium (10 bacilli/macrophage) on day 7 of culturing. At 4, 12, 24, or 48 h after the
addition of organisms, culture plates were cooled to 4°C; macrophages were
scraped off, washed, and resuspended in 100 ml of Dulbecco’s phosphate-buff-
ered saline containing 1% sheep serum and 2 mM sodium azide. Negative
controls consisted of macrophages to which no bacteria were added. Positive
controls consisted of macrophages incubated with bovine gamma interferon (100
U/ml; a gift from Novartis Animal Health) and heat-killed Staphylococcus inter-
medius organisms (10 organisms/macrophage).

Macrophages from each experiment were stained with Ziehl-Neelsen car-
bolfuchsin stain, which specifically stained mycobacterial organisms (9). The
percentage of macrophages containing organisms was determined by use of light
microscopy.

Macrophage MHC class I and class II expression. Macrophage cell suspen-
sions were incubated with anti-bovine MHC class I antibody MCA 81 (Serotec
USA, Washington, D.C.), anti-bovine MHC class II antibody MCA 1085 (Sero-
tec USA), anti-bovine CD18 antibody R15.7 (provided by Mark Jutila, Montana
State University), or BNI 80.44 (provided by Mark Jutila), an antibody that
recognizes an unknown, constitutively expressed molecule on bovine macro-
phages. After incubation on ice for 1 h, cells were washed and resuspended in 100
ml of Dulbecco’s phosphate-buffered saline containing 1% sheep serum and 2
mM sodium azide. Twenty microliters of a 1:20 dilution of fluorescein-labeled
sheep anti-mouse immunoglobulin G was added and incubated for 30 min in the
dark on ice. Thereafter, samples were diluted to 0.5 ml and analyzed by flow
cytometry (FACS Calibur; Becton Dickenson Co.). Propidium iodide was added
just before analysis to identify dead cells. Cells were displayed as forward-angle
versus side-angle light scatter plots and by scatter plots that analyzed log green
fluorescence intensity on the x axis and log red fluorescence intensity on the y
axis. Propidium iodide-positive cells were gated out, and the median fluorescence
intensity of the remaining macrophage population was determined.

Macrophage activation. To determine the capacity of bovine macrophages to
upregulate MHC class I or class II expression, we incubated macrophages either
with bovine gamma interferon (100 U/ml), with or without the addition of
heat-killed S. intermedius organisms (10 organisms/macrophage), or with human
tumor necrosis factor alpha (TNF-a; 100 U/ml). These concentrations have been
reported to activate bovine monocyte-derived macrophages in vitro (20, 26).

Macrophage killing by primed lymphocytes. Bovine monocyte-derived mac-
rophages were cultured on coverslips for 7 days. Macrophages were infected with
M. avium subsp. paratuberculosis or M. avium subsp. avium (10 bacilli/macro-
phage) on day 7 of culturing. After 2 h of incubation, uningested organisms were
washed off. Thereafter, autologous, primed lymphocytes were added at a ratio of
10 lymphocytes per macrophage, and incubation was continued for 4 days.
Primed lymphocytes consisted of blood mononuclear cells incubated with a lysate
of M. avium subsp. paratuberculosis or M. avium subsp. avium for 4 days (4). After
incubation, primed lymphocytes were washed off, and the percentage of live
macrophages was determined by use of the trypan blue exclusion technique.
Negative controls consisted of macrophages to which no bacteria were added.

Statistical analysis. All data were determined in duplicate or triplicate, and
results were averaged and reported as the mean and standard error (SE). Data
from at least three experiments were analyzed by use of a factorial analysis of
variance (ANOVA). The means of interest were compared by use of the Bon-
ferroni-Dunn F test.

RESULTS

Phagocytosis of mycobacterial organisms by bovine macro-
phages. Of macrophages incubated with M. avium subsp. para-
tuberculosis or M. avium subsp. avium for 24 or 48 h, greater
than 95% contained one or more organisms. Of macrophages
incubated with M. avium subsp. paratuberculosis for 4 or 12 h,
48% 6 15% or 87% 6 13% contained one or more organisms,
respectively. Of macrophages incubated with M. avium subsp.
avium for 4 or 12 h, 46% 6 9% and 88% 6 17% contained one
or more organisms, respectively. All organisms appeared to be
intact.

MHC class I and class II expression by monocyte-derived
macrophages. Surface expression of MHC class I and class II
molecules by monocyte-derived macrophages was evaluated
after 4, 12, 24, and 48 h of incubation with or without the
addition of M. avium subsp. paratuberculosis or M. avium
subsp. avium. Macrophages incubated with M. avium subsp.
paratuberculosis for 12, 24, and 48 h had a consistent reduction
(P , 0.01) in MHC class II expression (Fig. 1 and 2). The
reduction in the median fluorescence intensity of M. avium
subsp. paratuberculosis-incubated macrophages approached
50% at 24 and 48 h of incubation. The percentage of macro-
phages with decreased fluorescence intensity at 24 h of incu-
bation was 62% 6 18%. Alternatively, macrophages incubated
with M. avium subsp. avium had no reduction in MHC class II
expression at 12 h and less reduction at 24 and 48 h than M.
avium subsp. paratuberculosis-incubated macrophages. The
percentage of macrophages with decreased fluorescence inten-
sity was 21% 6 9%.

Macrophages incubated with M. avium subsp. paratubercu-
losis for 24 h but not for 4 or 12 h had a consistent reduction
(P , 0.05) in MHC class I expression (Fig. 3). Macrophages
incubated with M. avium subsp. avium had only a slight reduc-
tion in MHC class I expression at 24 h.

Expression of other adhesion molecules and constitutively
expressed surface molecules. To determine if the decrease in
MHC class I and class II expression was a nonspecific response
to infection, we determined the effects of M. avium subsp.
paratuberculosis or M. avium subsp. avium infection on the
expression of cell surface adhesion molecule CD18 by use of a
monoclonal antibody and by labeling with a monoclonal anti-
body that recognizes a poorly characterized constitutively ex-
pressed molecule on bovine macrophages. Little change in the
expression of this molecule was noted when macrophages were
incubated with M. avium subsp. paratuberculosis or M. avium
subsp. avium for 12 or 24 h (Table 1).

FIG. 1. Incubation of bovine macrophages with M. avium subsp.
paratuberculosis (M. paratuberculosis) or M. avium subsp. avium (M.
avium) decreases surface expression of MHC class II antigens, as
detected by flow cytometry. Bovine monocyte-derived macrophages
(106) were cultured for various times with or without M. avium subsp.
paratuberculosis or M. avium subsp. avium added. The mean and SE for
four separate experiments are shown. Asterisks indicate statistically
significant differences relative to control values (P , 0.05).
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MHC class I and class II expression by activated macro-
phages. Incubation of control macrophages with gamma inter-
feron for 24 h only slightly upregulated the surface expression
of MHC class I and class II molecules (Fig. 4 and 5). In
contrast, when gamma interferon and heat-killed S. interme-
dius organisms were added, the expression of both MHC class
I and class II molecules was consistently upregulated (P ,
0.01). The addition of TNF-a had no effect on MHC class I or
class II expression by uninfected macrophages.

The responses of macrophages infected with M. avium
subsp. paratuberculosis or M. avium subsp. avium to activation
stimuli were very different. The addition of gamma interferon
to cells incubated with M. avium subsp. paratuberculosis for 4 h
resulted in only a slight upregulation of MHC class II expres-
sion and no change in MHC class I expression when assessed
12 or 24 h later (P , 0.05) (Fig. 4 and 5). Alternatively, the
addition of gamma interferon to M. avium subsp. avium-in-
fected macrophages resulted in a marked upregulation of the
expression of both MHC class I and class II molecules (P ,
0.05). As for control macrophages, the addition of TNF-a to
M. avium subsp. paratuberculosis-infected macrophages had no
effect on MHC class I or class II expression. In contrast, the
addition of TNF-a to M. avium subsp. avium-infected macro-
phages markedly upregulated MHC class I expression (P ,
0.05) and tended to upregulate MHC class II expression.

Effects of killed organisms and culture supernatants on
MHC class I and class II expression. The addition of heat-
killed M. avium subsp. paratuberculosis organisms to macro-
phages resulted in a greater decrease in mean MHC class I (76
versus 61%) and class II (68 versus 44%) expression than did
the addition of live organisms (Fig. 6) (data for MHC class I
not shown).

To determine if a soluble factor was involved in the suppres-
sion of MHC expression, fresh culture media and supernatants
from M. avium subsp. paratuberculosis and M. avium subsp.
avium cultures were incubated with macrophages for 24 h (Fig.
6). Neither fresh media nor culture supernatants substantially
reduced macrophage MHC class I or class II expression.

Macrophage killing by primed lymphocytes. Incubation of
macrophages with M. avium subsp. paratuberculosis or M.
avium subsp. avium for 24 h resulted in only a slight increase in
the mean number of nonviable macrophages (Fig. 7). Incuba-
tion of uninfected macrophages or macrophages infected with
M. avium subsp. paratuberculosis with autologous primed lym-
phocytes resulted in a minimal change in the number of non-
viable macrophages. Alternatively, incubation of M. avium
subsp. avium-infected macrophages with autologous primed
lymphocytes resulted in a marked increase in the number of
nonviable macrophages. The addition of gamma interferon did
not further increase macrophage killing.

DISCUSSION

These results demonstrate that infection of bovine macro-
phages with M. avium subsp. paratuberculosis induces the
downregulation of MHC class I and class II molecule expres-
sion on the macrophage surface. The effects of M. avium subsp.
avium on MHC expression were substantially different. M.
avium subsp. paratuberculosis downregulated MHC class II
molecules by 12 h after the addition of organisms, whereas with
M. avium subsp. avium, downregulation was not detected until
24 h. Since both organisms were phagocytized by macrophages
at similar rates, the differences in MHC class I and class II
expression did not appear to be determined by the rate of
uptake of the organisms. Further, M. avium subsp. paratuber-
culosis prevented the subsequent upregulation of MHC class I
and class II molecules by gamma interferon and TNF-a. Al-
ternatively, macrophages incubated with M. avium subsp.
avium readily upregulated MHC class I and class II expression

FIG. 2. Flow cytometric scatter plots of MHC class II expression by
bovine monocyte-derived macrophages. Just before analysis, 100 ml of
propidium iodide was added to identify dead cells. Cells were dis-
played as log green fluorescence intensity (FL1-H; i.e. a measure of
surface MHC class II expression) versus log red fluorescence intensity
(FL2-H; a measure of propidium iodide uptake). Quadrant gates were
set to eliminate dead cells (upper right and left quadrants) and to
identify cells with decreased MHC class II expression compared to that
of uninfected macrophages (lower left quadrant). (A) Uninfected mac-
rophages incubated for 24 h. (B) Macrophages infected with M. avium
subsp. paratuberculosis organisms for 24 h. (C) Macrophages infected
with M. avium subsp. avium organisms for 24 h.
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when exposed to gamma interferon or TNF-a. The observed
differences in MHC class I and class II expression in vitro may
explain, at least in part, differences in the virulence of the
organisms. The presence of gamma interferon or TNF-a at
sites of infection would result in the upregulation of MHC class
I and class II expression by M. avium subsp. avium-infected
macrophages but not by M. avium subsp. paratuberculosis-in-
fected macrophages. This process could result in enhanced
antigen presentation to T lymphocytes by M. avium subsp.
avium-infected macrophages and initiation of an effective im-
mune response. The lack of MHC upregulation by M. avium
subsp. paratuberculosis-infected macrophages may attenuate or
delay the immune response. This hypothesis is supported by
our observation that M. avium subsp. avium-infected macro-
phages but not M. avium subsp. paratuberculosis-infected mac-
rophages are lysed by primed autologous lymphocytes. The
addition of exogenous gamma interferon did not further en-
hance macrophage killing; however, primed lymphocytes may
have produced enough gamma interferon to induce the up-
regulation of MHC molecules.

The mechanism by which MHC class I and class II expres-
sion is suppressed in infected macrophages was not resolved by
these studies. The failure of an M. avium subsp. paratubercu-
losis cell culture supernatant to suppress macrophage MHC
expression indicates that the suppressive factor is not secreted
by the organisms. The capacity of killed M. avium subsp. para-
tuberculosis organisms to suppress MHC expression indicates
that the factor(s) is not synthesized by organisms after phago-
cytosis. Further, the enhanced capacity of killed versus live
organisms to suppress MHC expression suggests that the fac-
tor(s) involved may be derived from the bacterial cell wall
(which may be more readily degraded when organisms are heat
killed).

The results of previous studies indicate that a cell wall com-
ponent of many mycobacteria, lipoarabinomannan, attenuates
the capacity of mouse macrophages to become activated in
response to gamma interferon (18). Lipoarabinomannan is a
major component of the cell wall of M. avium subsp. paratu-
berculosis and has properties comparable to those of lipopoly-
saccharide of gram-negative bacteria (5, 23). Lipopolysaccha-

FIG. 3. Incubation of bovine macrophages with M. avium subsp. paratuberculosis (M. paratuberculosis) but not M. avium subsp. avium (M.
avium) decreases surface expression of MHC class I antigens, as detected by flow cytometry. Bovine monocyte-derived macrophages (106) were
cultured for various times with or without M. avium subsp. paratuberculosis or M. avium subsp. avium added. The mean and SE for three separate
experiments are shown. The asterisk indicates a statistically significant difference relative to the control value (P , 0.05).

TABLE 1. Effects of M. avium subsp. paratuberculosis or M. avium subsp. avium on the expression of CD18 and a constitutively expressed
molecule on bovine monocyte-derived macrophagesa

Additive Surface marker
Mean fluorescence intensity at the following time (h):

0 12 24

None (control) CD18 254 6 72 228 6 58 266 6 67
BNI 80.44 68 6 4 65 6 3 58 6 5

M. avium subsp. paratuberculosis CD18 234 6 61 268 6 48 278 6 56
BNI 80.44 67 6 3 63 6 7 66 6 5

M. avium subsp. avium CD18 251 6 44 263 6 48 271 6 38
BNI 80.44 58 6 7 62 6 6 60 6 6

a Data are reported as the mean and SE for two separate experiments.
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ride also has been reported to downregulate MHC class II
expression by macrophages (12). Our data, in combination
with those of previous studies, suggest that the downregulation
of MHC class II expression may be a nonspecific event in
macrophages phagocytizing mycobacteria and gram-negative
bacteria and may be mediated by lipopolysaccharide-like bac-
terial cell membrane components. However, macrophage in-
fection by M. avium subsp. paratuberculosis is distinct in that
MHC class I and class II expression by infected macrophages
cannot be upregulated by gamma interferon. This inability to
upregulate antigen-presenting molecules on infected cells may

attenuate or delay the cellular immune response in Johne’s
disease (22). This attenuated immune response may provide
time for the organisms to proliferate and overwhelm the ca-
pacity of the immune response to destroy the organisms in
some cattle. These observations are consistent with observa-
tions that most infected cattle develop a cellular immune re-
sponse during the subclinical stages of Johne’s disease and that
some cattle eliminate the organisms before developing clinical
disease (7).

Decreased MHC class II expression is not unique to mac-
rophages infected with Mycobacterium spp. (24). Previous stud-

FIG. 4. Effects of gamma interferon and TNF-a on MHC class II expression by bovine macrophages incubated for 24 h with or without M.
avium subsp. paratuberculosis (M. pt) or M. avium subsp. avium (M. av). Unlike M. avium subsp. paratuberculosis-infected macrophages, M. avium
subsp. avium-infected macrophages upregulated MHC class II molecules in response to gamma interferon. As a positive control, uninfected
macrophages were incubated with gamma interferon and killed S. intermedius (Staph) organisms. The mean and SE for three separate experiments
are shown. a, statistically significant differences relative to control values (P , 0.05); b, statistically significant differences relative to samples
incubated with M. avium subsp. avium organisms alone (P , 0.05).

FIG. 5. Effects of gamma interferon and TNF-a on MHC class I expression by bovine macrophages incubated for 24 h with or without M. avium
subsp. paratuberculosis (M. pt) or M. avium subsp. avium. Unlike M. avium subsp. paratuberculosis-infected macrophages, M. avium subsp.
avium-infected macrophages upregulated MHC class I molecules in response to gamma interferon and TNF-a. As a positive control, uninfected
macrophages were incubated with gamma interferon and killed S. intermedius (Staph) organisms. The mean and SE for three separate experiments
are shown. a, statistically significant differences relative to control values (P , 0.05); b, statistically significant differences relative to samples
incubated with M. avium subsp. avium organisms alone (P , 0.05).
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ies have reported that Leishmania spp., Toxoplasma gondii, and
murine cytomegalovirus are able to inhibit gamma interferon-
induced MHC class II expression by macrophages (13, 15). The
mechanism by which organisms downregulate MHC class II
expression is poorly understood. Leishmania amazonesis and
L. mexicana amastigotes have been shown to degrade MHC
class II molecules within parasitophorous vacuoles (1, 2). Deg-
radation appears to be mediated by cysteine proteases. Murine

cytomegalovirus appears to interfere with the expression of
transcription factors involved in I-Ab gene expression (13).

Overall, the results presented here support the hypothesis
that the differences in virulence and in lesions induced in cattle
by M. avium subsp. paratuberculosis and M. avium subsp. avium
may be dependent on the capacity of infected macrophages to
effectively present mycobacterial antigens to T lymphocytes.
The differences may be the result, at least in part, of down-

FIG. 6. Effects of live versus killed M. avium subsp. paratuberculosis (M. paratuberculosis) organisms and culture supernatants on MHC class
II expression by bovine macrophages. Bovine monocyte-derived macrophages (106) were incubated for 24 h with or without the addition of live
or heat-killed M. avium subsp. paratuberculosis organisms or culture supernatant. The mean and SE for two separate experiments are shown.
Asterisks indicate statistically significant differences relative to control values (P , 0.05).

FIG. 7. Effects of autologous primed lymphocytes on killing of macrophages incubated with or without M. avium subsp. paratuberculosis (M.
paratuberculosis) or M. avium subsp. avium (M. avium) added. Bovine monocyte-derived macrophages (106) were incubated with autologous
primed lymphocytes (107) and with or without gamma interferon. The mean and SE for three separate experiments are shown. Asterisks indicate
statistically significant differences relative to control values and M. avium subsp. paratuberculosis values (P , 0.05).
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regulation of MHC class I and class II expression by M. avium
subsp. paratuberculosis organisms. Further studies are needed
to define the microbial factors that mediate these changes.
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