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Mycobacterium avium subsp. paratuberculosis is the causative agent of Johne’s disease in cattle and may have implications for
human health. Establishment of chronic infection by M. avium subsp. paratuberculosis depends on its subversion of host im-
mune responses. This includes blocking the ability of infected macrophages to be activated by gamma interferon (IFN-�) for
clearance of this intracellular pathogen. To define the mechanism by which M. avium subsp. paratuberculosis subverts this criti-
cal host cell function, patterns of signal transduction to IFN-� stimulation of uninfected and M. avium subsp. paratuberculosis-
infected bovine monocytes were determined through bovine-specific peptide arrays for kinome analysis. Pathway analysis of the
kinome data indicated activation of the JAK-STAT pathway, a hallmark of IFN-� signaling, in uninfected monocytes. In con-
trast, IFN-� stimulation of M. avium subsp. paratuberculosis-infected monocytes failed to induce patterns of peptide phosphor-
ylation consistent with JAK-STAT activation. The inability of IFN-� to induce differential phosphorylation of peptides corre-
sponding to early JAK-STAT intermediates in infected monocytes indicates that M. avium subsp. paratuberculosis blocks
responsiveness at, or near, the IFN-� receptor. Consistent with this hypothesis, increased expression of negative regulators of
the IFN-� receptors SOCS1 and SOCS3 as well as decreased expression of IFN-� receptor chains 1 and 2 is observed in M. avium
subsp. paratuberculosis-infected monocytes. These patterns of expression are functionally consistent with the kinome data and
offer a mechanistic explanation for this critical M. avium subsp. paratuberculosis behavior. Understanding this mechanism may
contribute to the rational design of more effective vaccines and/or therapeutics for Johne’s disease.

Mycobacterium avium subsp. paratuberculosis is the causative
agent of Johne’s disease, a chronic inflammatory disorder of

the gastrointestinal tract of ruminants (29, 55). Johne’s disease is
of considerable economic importance to the dairy industry as it is
responsible for the highest average production losses among five
production-limiting diseases (11, 56). There is additional growing
concern that M. avium subsp. paratuberculosis may be a causative
or contributing factor to Crohn’s disease in humans. While this
link has yet to be conclusively determined (coincidence does not
indicate causation), there is considerable circumstantial evidence
implicating M. avium subsp. paratuberculosis in Crohn’s disease
(24, 42, 50). M. avium subsp. paratuberculosis has also been impli-
cated as a trigger for type 1 diabetes (46) and ulcerative colitis (45).
The potential zoonotic threat and realized economic impact of
Johne’s disease have energized efforts for development of effective
disease management strategies. The limited success of these efforts
to date indicates that greater understanding of the biology and
virulence mechanisms of M. avium subsp. paratuberculosis is re-
quired to adopt a more strategic approach to the design of vaccines
or other therapeutics. Specifically, an understanding of the mech-
anisms by which M. avium subsp. paratuberculosis subverts host
immune responses could form the basis for development of a suc-
cessful vaccine and/or other therapeutics.

When colonizing the bovine host, M. avium subsp. paratuber-
culosis establishes persistent infections within host macrophages
in the small intestine. This requires M. avium subsp. paratubercu-
losis to subvert the normal functions of the macrophage which
would result in destruction of the internalized bacteria (57, 59). In
doing so, M. avium subsp. paratuberculosis is able to convert the
cells which would normally be responsible for destruction of an

invading pathogen into a protected haven from the host immune
response. Subversion of macrophage function appears to involve a
number of mechanisms. For example, M. avium subsp. paratuber-
culosis has been well characterized for its ability to block matura-
tion of the phagolysosomes (26). The bacterium also appears to
interfere with other host processes which are equally essential for
effective clearance of intracellular pathogens, including blocking
the ability of the infected host to utilize gamma interferon (IFN-�)
for induction of protective innate immune responses. It has been
observed that cattle in the excretory, subclinical stage of Johne’s
disease have increased IFN-� at the site of infection (53) as well as
higher IFN-� production in culture supernatants after stimula-
tion of peripheral blood mononuclear cells (PBMC) with M.
avium subsp. paratuberculosis antigens (14). M. avium subsp.
paratuberculosis appears to block the ability of the infected cells to
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respond to IFN-�; macrophages pretreated with IFN-� effectively
clear mycobacteria (9, 25) while the same treatment, given postin-
fection, is unable to achieve efficient destruction of the bacterium
(17, 48). Collectively, these results indicate an inability of the in-
fected animals to respond to, rather than produce, IFN-�. The
mechanism(s) by which M. avium subsp. paratuberculosis blocks
host cell IFN-� responsiveness has yet to be determined.

Gamma interferon plays a central role in the immune defense
against a variety of intracellular pathogens including mycobacte-
ria (18, 19). Mice deficient in IFN-� show increased susceptibility
to intracellular pathogens (13, 15), and humans with mutations of
the IFN-� receptor are susceptible to infection with low-virulence
mycobacterial strains and suffer severe and recurrent episodes of
tuberculosis (20, 34). IFN-� is released from T cells and natural
killer cells to activate targets cells through a high-affinity receptor
composed of two chains: IFN-� receptor 1 (IFNGR1) and IFN-�
receptor 2 (IFNGR2). Signal transduction by IFN-� is classically
associated with a specific Janus family kinase-signal transducer
and activator of transcription (JAK-STAT) signaling cascade (5,
16). Ligand binding by the IFN-� receptor causes phosphoryla-
tion of Jak1 and Jak2 with subsequent phosphorylation of
IFNGR1 (6, 32). Phosphorylation of IFNGR1 results in recruit-
ment and phosphorylation of STAT1, which translocates to the
nucleus to activate transcription of IFN-�-inducible genes (28).
IFN-� acts primarily through regulation of gene expression to
induce macrophages to kill intracellular pathogens.

To avoid destruction by the ensuing host defense response, a
number of viral and bacterial pathogens have evolved strategies to
block the IFN-� responsiveness of infected cells. Different patho-
gens disrupt this host response at a variety of levels, which range
from actions targeted to specific gene products to general inhibi-
tion of IFN-� signaling. Furthermore, these studies indicate that
JAK-STAT signaling can be inhibited at a number of levels, in-
cluding at the receptor, intermediate signal molecules, or final
effectors. At the receptor, a number of pathogens decrease expres-
sion of IFNGR1, IFNGR2, or both; Trypanosoma cruzi (35) and
Leishmania donovani (47) decrease expression of IFNGR1, adeno-
virus decreases expression of IFNGR2, and Mycobacterium avium
decreases expression of both IFNGR1 and -R2 (31). IFN-� re-
sponsiveness can also be dampened by reducing the quantity or
activation status of JAK-STAT pathway intermediates; human cy-
tomegalovirus targets JAK kinases for degradation (40), mumps
virus reduces levels of STAT1 (27), varicella-zoster virus reduces
levels of Jak2 and STAT1 (1), and L. donovani activates protein
tyrosine phosphatase SHP-1 for dephosphorylation and inactiva-
tion of Jak2 (7). Microbial pathogens also target the JAK-STAT
transcriptional effectors; adenovirus inhibits IFN-�-induced gene
expression through direct interaction with cellular transcription
factors (21, 38). Collectively, targeted disruption of the IFN-�
response by a variety of viral and bacterial pathogens emphasizes
the importance of this system in the host defense against intracel-
lular pathogens. The diverse mechanisms employed suggest that
different points of intervention are more appropriate, or easily
achieved, by different pathogens.

In this report we investigate patterns of host signal transduc-
tion in uninfected and M. avium subsp. paratuberculosis-infected
bovine monocytes in response to IFN-� stimulation. Analysis is
performed through a novel bovine-specific peptide array for ki-
nome analysis. Pathway analysis of the kinome data indicates ac-
tivation of the JAK-STAT pathway, a hallmark of IFN-� signaling,

in uninfected monocytes. In contrast, IFN-� stimulation of M.
avium subsp. paratuberculosis-infected monocytes fails to induce
patterns of peptide phosphorylation consistent with JAK-STAT
activation. The inability of IFN-� to induce differential phosphor-
ylation of peptides corresponding to early JAK-STAT intermedi-
ates in infected monocytes indicates that M. avium subsp. paratu-
berculosis blocks responsiveness at, or near, the IFN-� receptor.
Consistent with this hypothesis, we report increased expression of
negative regulators of the IFN-� receptor SOCS1 and, to a lesser
extent, SOCS3, as well as decreased expression of IFNGR1 and
IFNGR2 in M. avium subsp. paratuberculosis-infected monocytes.
These responses are anticipated to contribute to the inability of M.
avium subsp. paratuberculosis-infected cells to be activated by
IFN-�. This, in turn, contributes to the ability of M. avium subsp.
paratuberculosis to convert cells which would normally be respon-
sible for mediating bacterial clearance into protected havens for
bacterial proliferation.

MATERIALS AND METHODS
Isolation of bovine blood monocytes. Blood was collected from three
cattle (9-month-old Charolais-cross steers, designated animals 89, 136,
and 148) by venipuncture using tubes containing EDTA as an anticoagu-
lant. Blood was transferred to 50-ml polypropylene tubes and centrifuged
at 1,400 � g for 20 min at 20°C. White blood cells were isolated from the
buffy coat and mixed with Ca2�- and Mg2�-free phosphate-buffered sa-
line (PBSA) to a final volume of 35 ml. The cell suspension was layered
onto 15 ml of 54% isotonic Percoll (Amersham Biosciences/GE Health
Care) and centrifuged at 2,000 � g for 20 min at 20°C. Peripheral blood
mononuclear cells (PBMC) from the Percoll-PBSA interface were col-
lected and washed three times with cold PBSA. Monocytes were purified
from isolated PBMC by magnetic cell sorting (MACS) purification using
CD14� microbeads (Miltenyi Biotec Inc., Auburn, CA). Monocytes
(�95% pure) were plated at 5 � 106 cells/well in six-well plates in RPMI
1640 medium (Gibco) supplemented with 10% fetal bovine serum
(Gibco). Isolated monocytes were rested overnight prior to stimulation.

Infection of bovine monocytes with M. avium subsp. paratubercu-
losis. M. avium subsp. paratuberculosis K10 culture was incubated at 37°C
on Middlebrook 7H10 agar (Difco Labs, Detroit, MI) with enrichment
medium composed of oleic acid, albumin, dextrose, and catalase (OADC;
Difco Labs, Detroit, MI) and mycobactin J (Allied Monitor Inc., Fayette,
MO). After 3 to 4 weeks of growth, colonies were transferred to Middle-
brook 7H9 broth (Difco Labs, Detroit, MI) containing 0.05% Tween 80
(Sigma Chemical Co., St. Louis, MO), OADC enrichment medium, and
mycobactin J and incubated at 37°C for 5 days to achieve log-phase
growth. The number of CFU was determined using the pelleted wet
weight method. Briefly, a 50-ml centrifuge tube was weighed prior to the
addition of 50 ml of a 5-day liquid M. avium subsp. paratuberculosis cul-
ture. The culture was centrifuged at 3,400 � g for 30 min. Supernatant was
decanted, and the pellet was dried for 30 min. Tube weight was then
recorded, and pellet weight was determined according to Hines et al. (30),
whereby 1 mg of M. avium subsp. paratuberculosis pellet is equal to 107

CFU. The M. avium subsp. paratuberculosis pellet was then resuspended in
the appropriate volume of cell culture medium to achieve a 5:1 multiplic-
ity of infection (MOI). Appropriate bacterial loads were added to each
well containing 5 million monocytes/well. Plates, both infected and con-
trol, were spun at 300 � g for 2 min. All plates were incubated for 3 h at
37°C. Medium was removed, and cells were washed three times with warm
RPMI 1640 medium. Cells were rested overnight at 37°C prior to stimu-
lation with 10 ng/ml recombinant bovine IFN-� for 1 h. Cells were treated
with 10 ng/ml IFN-� and then harvested at the appropriate time for either
kinome or quantitative reverse transcription-PCR (qRT-PCR) analysis.
Kinome analysis was performed 1 h after infection while qRT-PCR was
performed after both 1 h and 18 h of infection.
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RNA extraction. Total RNA extraction was performed as per the
RNeasy Mini Kit protocol (Qiagen). Briefly, 1 ml of Buffer RLT supple-
mented with beta-mercaptoethanol was added to each well for 5 min.
Cells were collected in a 2-ml tube, vortexed briefly, and stored at �80°C
until further processing. Homogenization of samples was achieved by
running samples through a QIAshredder (Qiagen). Molecular-grade eth-
anol was added to each sample before the sample was run through an
RNeasy Mini Spin Column. An optional DNase treatment was performed
on each sample by the addition of a DNase solution (Qiagen) to the col-
umn and allowing the solution to sit for 15 min. Three washes were per-
formed, followed by elution in nuclease-free water. Each sample was
quantified and checked for purity using a 2100 Bioanalyzer (Agilent Tech-
nologies, Inc.).

Preparation of a cDNA library. RNA (200 ng) was converted to cDNA
by adding 8 �l of 2� RT buffer and 2 �l of RT enzyme (Invitrogen) to a
total volume of 10 �l. A master mix of buffer and enzyme was made to
eliminate pipetting errors. Samples were placed in a thermocycler under
the following conditions: 25°C for 5 min, 50°C for 60 min, and 70°C for 15
min. RNA template was removed by the addition of 1 �l of Escherichia coli
RNase H for 20 min. cDNA was stored at �20°C.

qRT-PCR. Each reaction mixture for qRT-PCR included 9 �l of iQ
SYBR green Master Mix (Bio-Rad), 3 �l of primer mix (3.3 �M), 2 �l of
nuclease-free water, and 1 �l of cDNA for a total of a 15-�l reaction
volume. Thermocycler conditions were as follows: cycle 1, 55°C for 2 min;
cycle 2, 95°C for 8.5 min; cycle 3, 95°C for 15 s, 55°C for 30 s, and 72°C for
30 s; cycle 4, 55°C for 10 s. The set point temperature was increased by 1°C
after cycle 2. Results were analyzed using the 2���CT method (where CT is
threshold cycle) described in Applied Biosystems User Bulletin 2 (4).

Monocyte TNF-� release in response to IFN-� stimulation. Purified
monocytes (uninfected and M. avium subsp. paratuberculosis infected)
were prepared as described earlier. Recombinant bovine IFN-� (Ciba-
Geigi) was added at a final concentration of 10 ng/ml. Plates were returned
to an incubator overnight. Supernatant was collected from each well, di-
luted (1:2), and used for enzyme-linked immunosorbent assays (ELISAs)
for bovine tumor necrosis factor alpha (TNF-�) as per Ellis et al. (23).

Cytospins. Cells were harvested using a trypsin-ethylenediamine tet-
raacetic acid (Versene) solution. The cells were prepped for cytospins by
centrifugation at 325 � g for 5 min. Cells were resuspended in 200 �l of
PBSA– 0.1% EDTA. Cytospins were performed by adding 100 �l of cell
suspension to the apparatus and spinning the samples at 1,000 rpm for 3
min onto a glass slide. Slides were allowed to dry overnight in a fume
hood. Cells were heat fixed to slides by briefly passing the samples through
a flame. Slides were placed over boiling water and stained with carbol
fuchsin for 5 min and rinsed, and acid destaining solution was briefly
added to each slide before slides were rinsed with water. Slides were coun-
terstained using methylene blue (Sigma) for 1 min and rinsed with water.
Slides were allowed to dry overnight in a fume hood. The next day, each
cytospot was fixed using Entellen New Rapid Mounting Medium
(EMScience) with a coverslip. Cells were observed on a light microscope
under oil immersion (magnification, �100).

Peptide arrays. Design, construction, and application of the peptide
arrays were based upon a previously reported protocol with modifications
(33). Notably, the kinome experiments for all the animals were performed
simultaneously in a single run, minimizing the possibility of technical
variances in the analysis. Briefly, approximately 10 � 106 cells were col-
lected, pelleted, and lysed by addition of 100 �l of lysis buffer (20 mM
Tris-HCl, pH 7.5, 150 mM NaCl,1 mM EDTA, 1 mM EGTA, 1% Triton,
2.5 mM sodium pyrophosphate, 1 mM Na3VO4,1 mM NaF,1 �g/ml leu-
peptin, 1 g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride [PMSF])
(all products from Sigma-Aldrich unless indicated). Cells were incubated
on ice for 10 min and spun in a microcentrifuge for 10 min at 4°C. A 70-�l
aliquot of this supernatant was mixed with 10 �l of activation mix (50%
glycerol, 500 �M ATP [New England BioLabs, Pickering, ON, Canada],
60 mM MgCl2, 0.05% [vol/vol] Brij 35, 0.25 mg/ml bovine serum albumin

[BSA]) and incubated on the array for 2 h at 37°C. Arrays were then
washed with phosphate-buffered saline (PBS)–1% Triton.

Slides were submerged in phospho-specific fluorescent ProQ Dia-
mond Phosphoprotein Stain (Invitrogen) with agitation for 1 h. Arrays
were then washed three times in destaining solution containing 20% ace-
tonitrile (EMD Biosciences, VWR Distributor, Mississauga, ON, Canada)
and 50 mM sodium acetate (Sigma) at pH 4.0 for 10 min. A final wash was
done with distilled deionized H2O. Arrays were air dried for 20 min and
then centrifuged at 300 � g for 2 min to remove any remaining moisture
from the array. Arrays were read using a GenePix Professional 4200A
microarray scanner (MDS Analytical Technologies, Toronto, ON, Can-
ada) at 532 to 560 nm with a 580-nm filter to detect dye fluorescence.
Images were collected using GenePix, version 6.0, software (MDS), and
the spot intensity signal was collected as the mean of pixel intensity using
local feature background intensity calculation with the default scanner
saturation level.

Data analysis: data sets. The data set contains the signal intensities
associated with each of 300 peptides for the monocytes from three animals
under four different treatments. The treatments included IFN-� treat-
ment alone, M. avium subsp. paratuberculosis infection alone, and M.
avium subsp. paratuberculosis infection followed by IFN-� treatment (M.
avium subsp. paratuberculosis-IFN-�) or no treatment. For each animal
and each treatment, there are three intra-array replicates. All data process-
ing and analysis were done as per Li et al. (37), with the following study
specifics.

Animal-animal variability analysis. For each of the 300 peptides, an F
test was used to determine whether there are significant differences among
the three animals under the same treatment conditions. Therefore, 300 F
tests were carried out for a single treatment on the three animals, and
1,200 tests in total were carried out for all four treatments (i.e., 300 pep-
tides times four treatments).

Treatment-treatment variability analysis. Peptides identified by the
F test as having consistent patterns of response to the various treatments
across the three animals were subjected to a paired t test to compare their
signal intensities under a treatment condition with those under control
conditions. For each animal-independent peptide, the responses from all
three animals were pooled to increase the statistical confidence. Three
tests were performed for each peptide, specifically, IFN versus untreated
monocytes, M. avium subsp. paratuberculosis-IFN versus untreated
monocytes, and M. avium subsp. paratuberculosis infection versus un-
treated monocytes. Peptides with significant (P 	 0.20) changes in phos-
phorylation were identified. This level of significance was chosen to retain
as much data as possible and thus facilitate subsequent pathway analysis.

Cluster analysis. The preprocessed M. avium subsp. paratuberculosis
data were subjected to hierarchical clustering and principal component
analysis (PCA) to cluster peptide response profiles across animal-treat-
ment combinations. For each of the 300 peptides in a single treatment and
animal, the average was taken over the three variance stabilization and
normalization (VSN)-transformed replicates. For hierarchical clustering,
each animal/treatment vector was considered a singleton (i.e., a cluster
with a single element) at the initial stage of the clustering. The two most
similar clusters were merged, and the distances between the newly merged
clusters and the remaining clusters were updated, iteratively. The method,
as described by Eisen et al. (22), used the following calculation: average
linkage � (1 � Pearson correlation) (44). The method takes the average
over the merged (i.e., the most correlated) kinome profiles and updates
the distances between the merged clusters and other clusters by recalcu-
lating the correlations between them.

PCA was applied to the M. avium subsp. paratuberculosis data both
before and after subtraction of biological controls. In either case, the first
two principal components, namely, PC1 and PC2, which account for the
largest variability within the sample data, were used to cluster the animal/
treatment data points.

Pathway analysis of differentially phosphorylated peptides.
InnateDB is a publically available resource which, based on levels of either
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differential expression or phosphorylation, predicts biological pathways
based on experiment fold change data sets (39). Pathways are assigned a
probability value (P) based on the number of proteins present for a par-
ticular pathway as well as the degree to which they are differentially ex-
pressed or modified relative to a control condition. For our investigation,
input data were limited to those peptides selected in the treatment-treat-
ment variability analysis (above). Since InnateDB requires fold change
(FC) values as input (with P values optional), the differences between the
VSN-transformed intensities under control and treatment conditions are
converted to fold change values by the following formula: 2d where d 

averagetreatment � averagecontrol, where average is the average of the trans-
formed signals for each peptide.

RESULTS
Infection of bovine monocytes with M. avium subsp. paratuber-
culosis. Following the in vitro infection of purified bovine mono-
cytes, cytospins were performed to confirm and quantify the ex-
tent of M. avium subsp. paratuberculosis uptake (Fig. 1). Over
three replicate experiments, there was an infection efficiency of
93% � 4%. The in vitro infection of purified monocytes with M.
avium subsp. paratuberculosis therefore provides a cell population
of sufficient quantity and homogeneity, with respect to cell type
and infection status, for kinome analysis. Having a homologous
cell population ensures that any detected kinase activity was a
result of changes in the cells of interest, which cannot be known in
a mixed cell population. Isolating a single cell population can re-
sult in intracellular changes, including activation of the mono-
cytes; resting the cells overnight returns the cells to baseline levels
before treatment is given (58). In order to minimize the possibility
of technical variances in the kinome, experiments for all animals
were preformed simultaneously in a single run.

Analysis of animal-animal variability. In an outbred species,
such as cattle, a degree of variability in biological responses is
anticipated. To identify core, conserved biological processes, the
kinome data from the three animals were analyzed to determine
animal-dependent and animal-independent responses. Under the
same treatment condition, any peptides with P values less than
0.01 were considered animal dependent. By this criterion only

eight peptides appear to be animal dependent in all three treat-
ments relative to the controls. Two hundred peptides elicited sim-
ilar responses across all three treatments, regardless of the choice
of animal. Ninety-two peptides were not conclusive in that P val-
ues for those peptides were not consistently greater than or less
than 0.01 across all three treatments relative to the control. Exam-
ining peptides within each treatment revealed that 37, 52, and 43
peptides had significantly different reactions in the treatments of
M. avium subsp. paratuberculosis-infected monocytes treated with
IFN-�, monocytes treated with IFN-�, and monocytes infected
with M. avium subsp. paratuberculosis, respectively. Interestingly,
this indicates that there is more variation in how animals respond
to IFN-� stimulation than to M. avium subsp. paratuberculosis
infection. This may be due to the number of phosphorylation
events being affected by the treatment with IFN-� compared to an
infection with M. avium subsp. paratuberculosis. It is logical to
conclude that an infection with M. avium subsp. paratuberculosis
will induce more changes in a wider variety of kinases than a
treatment with IFN-�, which acts on a small subset of pathways.
Thus, the remaining kinases not affected by either the treatment
with IFN-� or the infection will display more variability based on
the biological context of the animal.

Analysis of treatment-treatment variability. To identify pep-
tides with significant changes in phosphorylation status relative to
the control under the various treatment conditions, the 200 pep-
tides identified as consistently regulated across the three animals
were subjected to a paired t test. A listing of the differentially
phosphorylated peptides as a result of M. avium subsp. paratuber-
culosis infection, treatment with M. avium subsp. paratuberculo-
sis-IFN, and treatment with IFN alone relative to their corre-
sponding controls is included in Table S1 in the supplemental
material.

Cluster analysis of the various treatments/infections. The
kinome data sets were subjected to cluster analysis for comparison
and visualization of patterns of response of the different animals
to the different treatments. To this end, principal component

FIG 1 Infection of bovine monocytes with M. avium subsp. paratuberculosis. Whole-blood-isolated bovine monocytes were infected with M. avium subsp.
paratuberculosis at an MOI of 5:1. Cells were heat fixed to slides, M. avium subsp. paratuberculosis was stained with carbol fuchsin, and cells were counterstained
with methylene blue. Thus, red indicates M. avium subsp. paratuberculosis bacteria, and blue indicates bovine monocytes. The figure shows stained cells of both
uninfected (A) and infected (B) samples under oil immersion at a magnification of �100.
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analysis (PCA) to cluster responses was applied to the data sets
with and without subtraction of the corresponding biological con-
trols. The data were analyzed in this way to consider both the
absolute kinome profile of each animal under each treatment con-
dition (without subtraction of biological controls) and the dy-
namic response of each animal to each treatment (with subtrac-
tion of biological controls).

PCA clustering without subtracting the biological controls re-
sults in a seemingly random arrangement with respect to animals
and treatment conditions (Fig. 2A). This is not unanticipated as
within an outbred bovine population different baselines of cellu-
lar activity due to genetic, developmental, and/or environmental
factors may impact baseline cellular kinase activity. These factors
may also influence the dynamic responses of the animals to the
stimuli, in particular, responses to a complex and multifaceted
stimulus like bacterial infection.

By subtracting the corresponding biological controls for each
animal, it is possible to determine the dynamic response of the
monocytes of each animal to each treatment condition. Investi-
gating the kinome data in this manner reveals a strong pattern of
clustering based first upon animals and subsequently upon treat-
ment conditions (Fig. 2B). That consistent clustering on the basis
of animal is discernible was surprising based on the previous re-
sults in data processing showing that 200 of the 300 peptides were
found to be animal independent at a 0.01 level of significance.
Animal dependence was verified by using hierarchical clustering,
calculated as average linkage � (1 � Pearson correlation) (see Fig.
S1 in the supplemental material). This animal dependence may
reflect cumulative differences of the selected peptides, which to-
gether contributed to the notable variations among animals.

One possible reason for the strong clustering by animal was the
stringent level of confidence used in the animal-animal variability

analysis. Having a lower significance level (e.g., 5%) would mean
that more peptides would be determined to have different expres-
sion levels across animals and would be eliminated from further
analysis. This may result in less prominent clustering by animal
but would result in fewer peptides being considered in the path-
way analysis.

Within animals there is further clustering corresponding to
conserved responses to the treatment conditions. For example,
while the data sets for each of the three animals separate to differ-
ent quadrants of the plot, there is conserved clustering of the re-
sponses of uninfected monocytes to IFN-� stimulation to a dis-
tinct subcluster at the center of the plot. This indicates that in spite
of animal-specific variances in the baseline kinomic profiles, there
is a conserved and consistent response to IFN-� across the biolog-
ical replicates (Fig. 2B). Through these approaches, following sub-
traction of the biological controls, there is a strong tendency for
the data sets to cluster first on the basis of animal, followed by
secondary clustering based on the particular treatment condition.
In particular, in two of the three animals, the responses of the M.
avium subsp. paratuberculosis-infected monocytes to IFN-� stim-
ulation cluster more closely to the responses of M. avium subsp.
paratuberculosis-infected monocytes rather than the IFN-�-stim-
ulated monocytes (see Fig. S1 in the supplemental material. This
suggests that M. avium subsp. paratuberculosis blocks the ability of
the cells to undergo the same changes in signal transduction ob-
served in the uninfected cells and is consistent with the IFN-�
unresponsiveness (Fig. 2).

Pathways implicated by peptide array data. The kinome data
were subjected to pathway overrepresentation analysis to deter-
mine which cellular pathways/processes are activated under the
different treatment conditions. To ensure that the identified path-
ways represent conserved and consistent biological responses, in-

FIG 2 Principle component cluster analysis of kinome data. Kinome data sets were subjected to PCA cluster analysis. Individual treatment conditions are
indicated. The rectangle indicates a conserved clustering of responses of uninfected monocytes to IFN-� stimulation prior to subtraction of biological controls
(A) and with subtraction of biological controls (B).
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put data were limited to peptides with a consistent pattern of
differential phosphorylation across the three biological replicates
in at least one of the treatment sets (P � 0.01) as well as significant
(P 	 0.20) changes in phosphorylation level relative to the control
treatment. These select data from the three animals were merged
to generate a representative data set for each treatment condition
and analyzed through InnateDB (39).

For uninfected monocytes stimulated with IFN-�, a number of
pathways were suggested to be activated with a high degree of
confidence (P 	 0.05). Most notably, this included five pathways
directly associated with activation and regulation of JAK-STAT
(Table 1). Specifically, there are 26 peptides on the array repre-
senting JAK-STAT intermediates. Following IFN-� stimulation of
uninfected monocytes, 16 of these show significant differential
phosphorylation relative to the unstimulated monocytes: 15 with
increased phosphorylation and 1 with decreased phosphorylation
(Table 1). JAK-STAT is well defined for its role in mediating cel-
lular responses to IFN-� (5, 32). The identification of this pathway
in monocytes following IFN-� stimulation provides confidence in
the ability of the arrays to detect and reflect biological responses.
Specifically, there is a high degree of confidence (P 	 0.002) for
activation of the JAK-STAT pathway following IFN-� treatment
of the uninfected monocytes (Table 1). In contrast, for the same
treatment of the M. avium subsp. paratuberculosis-infected mono-
cytes, the confidence in activation of JAK-STAT is extremely low

(P 	 0.831), and only four of the peptides representing JAK-STAT
signaling proteins show increased phosphorylation.

In addition to JAK-STAT, a number of other pathways relating
to cytokine/chemokine signaling, as well as activation of the pro-
inflammatory Toll-like receptor pathway, are observed. Many of
these pathways, in particular those associated with cytokine/
chemokine signaling, share signaling intermediates with IFN-�-
induced responses as well as overlap of their biological functions.
Many of these responses would be anticipated as secondary events
following IFN-� stimulation. That activation of these secondary
pathways is not observed in M. avium subsp. paratuberculosis-
infected monocytes following IFN-� stimulation would suggest
that the pathogen blocks cellular responsiveness at, or near, the
receptor rather than at intermediate or final effectors, which
would provide an opportunity for activation of secondary signal-
ing responses. Dampening of these responses may also help to
facilitate intracellular survival of the pathogen.

Phosphorylation events within the JAK-STAT pathway. As
JAK-STAT signaling events are represented quite comprehen-
sively on the array, it is possible to investigate the specific level at
which M. avium subsp. paratuberculosis blocks IFN-� responsive-
ness. IFN-� stimulation of the uninfected monocytes results in
differential phosphorylation of numerous peptides correspond-
ing to a variety of intermediates along the JAK-STAT pathway
(Table 2 and Fig. 3). This includes phosphorylation events ranging

TABLE 1 Pathway analysis of bovine monocytes and M. avium subsp. paratuberculosis-infected bovine monocytes in response to IFN-� stimulationa

Functional group Pathway
Total no. of
peptidesb

Peptide phosphorylation in:

Uninfected monocytes
M. avium subsp. paratuberculosis-
infected monocytes

Upregulated Downregulated Upregulated Downregulated

No. of
peptides P

No. of
peptides P

No. of
peptides P

No. of
peptides P

JAK-STAT signaling JAK-STAT signaling pathway 16 15 0.002 1 0.999 4 0.831 7 0.309
JAK-STAT pathway/regulation 12 11 0.006 1 0.998 1 0.840 2 0.532
Gene expression of SOCS 6 6 0.025 0 1 1 0.915 3 0.340
Gene expression of SOCS1 6 6 0.025 0 1 1 0.915 3 0.340
Gene expression of SOCS3 6 6 0.025 0 1 1 0.915 3 0.340

Cytokine/chemokine
signaling

IL-27-mediated signaling events 6 6 0.025 0 1 1 0.915 3 0.340
IL-12-mediated signaling events 14 12 0.013 2 0.990 2 0.910 5 0.251
IL-22 soluble receptor signaling 5 5 0.047 0 1 1 0.915 3 0.340
Androgen receptor 11 10 0.081 1 0.999 4 0.247 2 0.919
IFN-� enhancer information

processing
6 6 0.025 0 1 0 1 0 1

TGF-� signalingc TGF-� (canonical) 8 7 0.139 1 0.990 3 0.236 1 0.952
TGF-� signaling pathway 5 5 0.045 0 1 2 0.425 1 0.895
TGF-� receptor 15 11 0.273 4 0.957 5 0.061 0 1

NF-kB signaling NF-b activation 10 9 0.012 2 0.994 2 0.425 1 0.895

Other Toll-like receptor signaling
pathway

25 18 0.044 3 0.999 5 0.373 4 0.802

a Based on levels of differential expression or phosphorylation, InnateDB, a publically available pathway analysis tool (39), is able to predict pathways which are consistent with the
experimental data. Pathways are assigned a probability value (P) based on the number of proteins present for a particular pathway. Output also includes the number of the
uploaded proteins associated with a particular pathway as well as a subset of those which are differentially phosphorylated. For our investigation fold change cutoffs are set at a P
value of 	0.2 for confidence of difference between treatment and monocyte control groups. The number of peptides with increased or decreased phosphorylation with respect to
the control condition is indicated.
b Indicates the number of peptides differentially phosphorylated relating to the pathway.
c Transforming growth factor �.
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from activation of IFNGR1 to differential phosphorylation of the
final STAT effectors. The associated P values indicate the confi-
dence of the fold change relative to the medium treatment. In
contrast, following IFN-� stimulation of the M. avium subsp.
paratuberculosis-infected monocytes, there is an absence of signal-
ing activity throughout the JAK-STAT pathway. This is observed
as early as the IFN-� receptor, suggesting that M. avium subsp.
paratuberculosis blocks signaling events at a very early point (Table
2). A representation of the JAK-STAT pathway highlights activa-
tion of JAK-STAT by IFN-� in uninfected monocytes (Fig. 3A)
while M. avium subsp. paratuberculosis infection blocks IFN-�
responsiveness throughout the pathway beginning at the receptor
(Fig. 3B).

Altered expression of SOCS and IFNGR in M. avium subsp.
paratuberculosis-infected monocytes. The absence of early JAK-
STAT signal transduction activity in the infected monocytes in
response to IFN-� stimulation suggests that M. avium subsp.
paratuberculosis influences host responsiveness at, or near, the
IFN-� receptor. This could result from decreased expression of
the receptor or increased expression of an inhibitory factor which
acts at the level of the receptor. Both mechanisms of JAK-STAT
inhibition have been observed for other mycobacteria (31). In
bovine monocytes M. avium subsp. paratuberculosis infection
causes a decrease in expression (�4-fold) for each of these chains
(Fig. 4). Decreased expression of IFN-� receptor chains has been
reported for a number of pathogens which block cellular respon-
siveness to IFN-� (31, 35, 47). Most notably, Mycobacterium
avium, a closely related pathogen to M. avium subsp. paratuber-
culosis, decreases expression of both chains of the IFN-� receptor,
which is analogous to our observations.

The ability of infected cells to respond to IFN-� could also
reflect increased expression of the SOCS inhibitors. A number of

TABLE 2 Differential phosphorylation of peptides of the JAK-STAT
pathway following IFN-� stimulation of monocytes and M. avium
subsp. paratuberculosis-infected monocytes

Phosphoproteina

Relative phosphorylation inb:

Uninfected monocytes

M. avium subsp.
paratuberculosis-infected
monocytes

Fold change P value Fold change P value

IFNAR1 1.14 0.04 �1.17 0.23
IFNGR1 1.09 0.26 �1.07 0.27
IL-10RA 1.11 0.19 �1.14 0.15
IL-16 1.20 0.10 1.17 0.16
IL-2RB 1.10 0.24 �1.09 0.27
IL-4R 1.16 0.14 1.08 0.31
IL-6ST 1.14 0.14 1.04 0.33
IL-7R 1.56 0.07 1.16 0.18
JAK1 1.03 0.42 �1.16 0.12
JAK2 �1.01 0.44 �1.08 0.22
JAK3 �1.02 0.36 �1.27 0.02
STAT1 1.22 0.08 1.20 0.14
STAT2 1.13 0.06 �1.15 0.08
STAT3 1.16 0.05 �1.12 0.16
STAT4 1.17 0.09 1.06 0.34
STAT5B 1.14 0.05 1.00 0.49
STAT6 1.22 0.01 �1.40 0.14
Tyk2 1.04 0.16 �1.03 0.43
a The substrate protein with a peptide representing a phosphorylation site on the array.
IL-10RA, IL-10 receptor A; IL-10RB, IL-10 receptor B; IL-6ST, IL-6 signal transducer.
b Fold change is the relative change calculated by comparing the background-
corrected and normalized signal values of these samples to the medium control. P
values indicate how significant a difference there is between IFN-�-treated cells and
control cells.

FIG 3 Signaling within the JAK-STAT pathway in bovine monocytes and M. avium subsp. paratuberculosis-infected bovine monocytes in response to IFN
stimulation. Protein members of the JAK-STAT pathway are color coded with respect to fold change in differential phosphorylation. Red indicates increased
phosphorylation, green indicates decreased phosphorylation, and white indicates no change. (A) Differential phosphorylation of JAK-STAT intermediates
following IFN-� in bovine monocytes. (B) Relative degrees of phosphorylation of M. avium subsp. paratuberculosis-infected versus uninfected bovine monocytes
following IFN-� stimulation. Diagrams were produced using the cytoscape visualization option of InnateDB.
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viruses have been shown to abate IFN-� responses through in-
duced expression of these natural regulators of IFN-� sensitivity
including influenza A virus (43), herpes simplex virus 1 (60), hep-
atitis C virus (8), severe acute respiratory syndrome coronavirus
(41), and respiratory syncytial virus (61). Following M. avium subsp.
paratuberculosis infection, expression of SOCS1 and SOCS3 is up-
regulated in a time-dependent fashion. Unlike the expression of
the IFN-� receptor, M. avium subsp. paratuberculosis is able to
impact expression of the SOCS proteins as early as 1 h after infec-
tion. This effect becomes even more pronounced at the 18-h time
point, with SOCS1 expression increasing approximately 10-fold
and SOCS3 expression increasing approximately 3-fold each rel-
ative to the uninfected cells.

IFN-�-induced TNF-� release. Collectively, the kinome data
and the patterns of expression of the IFN-� receptor and SOCS
regulators predict that M. avium subsp. paratuberculosis infection
of bovine monocytes will dampen the responsiveness of these cells
to IFN-� stimulation. Release of tumor necrosis factor alpha
(TNF-�) is a well-established and easily quantified marker of
macrophage activation by IFN-� (12). For the uninfected mono-
cytes, treatment with 10 ng/ml of bovine IFN-� resulted in release
of large quantities of TNF-� (Fig. 5) following overnight stimula-
tion. In contrast, under identical stimulation conditions, there is
minimal release of TNF-� from M. avium subsp. paratuberculosis-
infected monocytes. While this assay took place overnight and
while the peptide array experiment was conducted after 1 h of
treatment, the ELISA is a measure of total release of TNF-� from
the cells. Thus, any release of TNF-� from initial treatment to
medium collection is measured. M. avium subsp. paratuberculosis
infection inhibits any TNF-� release induced by IFN-�. This phe-
notype is consistent with the responses anticipated by the kinome
and gene expression data.

DISCUSSION

Diseases caused by a relatively small number of Mycobacterium
species are responsible for billions of dollars in economic losses in
all major terrestrial and aquatic animal production systems as well
as for a tremendous direct impact on human health. For example,
tuberculosis resulting from infection by Mycobacterium tubercu-
losis is estimated to infect one-third of the world’s population and

is being reported with increasing prevalence in developed coun-
tries, including the emergence of drug resistant strains. Within the
cattle industry, M. avium subsp. paratuberculosis shows ever-in-
creasing rates of infection, and there is growing concern over food
safety, with indications that M. avium subsp. paratuberculosis may
represent a zoonotic threat. The lack of effective strategies to treat
and/or prevent these diseases relates in large part to the ability of
these pathogens to subvert host immune responses and establish
chronic infections within host immune cells. While different spe-
cies of mycobacteria utilize different specific strategies to achieve
this objective, there is a common opinion that a better under-
standing of the pathogenic mechanism of these microbes is a first
and essential step in the development of rational therapeutic strat-
egies.

Host responses to infectious challenge are often regulated
through phosphorylation. Moreover, the pathogenic mechanism
of many mycobacteria involves production of a number of bacte-
rially encoded, eukaryotic-like protein kinases, and phosphatases
play essential roles in virulence and establishment of chronic
infections (3). These findings highlight the importance of un-
derstanding the host-pathogen interaction of M. avium subsp.
paratuberculosis from the perspective of dynamic patterns of
phosphorylation. Additionally, the success of kinase inhibitors in
treatment of other diseases has made the Mycobacterium kinases
prime therapeutic targets (49). Until recently, however, the ab-
sence of bovine-specific research tools made it very difficult to
conduct kinome analysis for Johne’s disease. Our recent report on
the development of species-specific peptide arrays for kinome
analysis of nontraditional laboratory species (33) and analysis of
such data (37) offer the opportunity to obtain more specific in-
sights into host signaling responses to M. avium subsp. paratuber-
culosis infection in a relevant cell type.

Pathway analysis of the kinome data indicated activation of the
JAK-STAT pathway, a hallmark of IFN-� signaling, in uninfected
but not M. avium subsp. paratuberculosis-infected monocytes.
Specifically, the inability of IFN-� to induce differential phos-
phorylation of peptides corresponding to early JAK-STAT inter-
mediates in infected monocytes indicates that M. avium subsp.

FIG 4 Altered expression of SOCS3 and IFNGR in response to M. avium
subsp. paratuberculosis infection. RNA was extracted from bovine monocytes
after either 1- or 18-h infection with M. avium subsp. paratuberculosis (MOI of
5:1). Relative expression of select genes was determined through qRT-PCR
compared to time-matched uninfected monocytes. FIG 5 IFN-�-stimulated production of TNF-� in M. avium subsp. paratuber-

culosis-infected and noninfected bovine monocytes. The well-documented re-
sponse of TNF-� release following IFN-� stimulation is observed in unin-
fected cells. Upon infection the response is nearly completely eliminated.
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paratuberculosis rapidly, within 3 h, blocks responsiveness at, or
near, the IFN-� receptor. Consistent with this hypothesis, in-
creased expression of negative regulators of the IFN-� receptors
SOCS1 and SOCS3, as well as decreased expression of IFN-� re-
ceptor chains 1 and 2, is observed in M. avium subsp. paratuber-
culosis infection. These patterns of expression are functionally
consistent with the kinome data and offer a mechanistic explana-
tion for this critical M. avium subsp. paratuberculosis behavior.
These mechanisms bear similarity to those reported for other
pathogens in the targeted disruption of this critical host response.
For example, the targeted downregulation of both chains of the
IFN-� receptor is also observed for the closely related Mycobacte-
rium avium (31). Also in Mycobacterium tuberculosis, infection
inhibition of IFN-� signaling is independent of inhibition of
STAT1 (54), as shown by the data in Table 2, STAT1 is not inhib-
ited at all by M. avium subsp. paratuberculosis infection compared
to monocytes treated with IFN-�.

The independent assay used to confirm a loss of response to
IFN-� in infected monocytes was a measure of TNF-� release. The
results indicated a significant release of TNF-� following IFN-�
treatment of monocytes but no release of TNF-� in similarly
treated M. avium subsp. paratuberculosis-infected cells. This result
agrees with previous studies of M. avium subsp. paratuberculosis
infection and cytokine response. In Stabel (52), TNF production
by clinically infected PBMC was reduced compared to production
in subclinically infected cells following stimulation with both
concanavalin A (ConA) and M. avium subsp. paratuberculosis
sonicate. The author suggests, and we have provided support-
ing evidence in this study, that antigen-mediated cellular im-
mune responses are abrogated in cows with a clinical infection
of M. avium subsp. paratuberculosis. Conversely, Adams and Czu-
prynski (2) reported an increase in TNF-� production following
stimulation with M. avium subsp. paratuberculosis and M. avium
subsp. paratuberculosis cell wall components. There are several key
differences in their study and ours which may explain the differ-
ences in results. Most importantly, they did not look at the re-
sponse of M. avium subsp. paratuberculosis-infected cells but in-
stead examined cells stimulated with either cell wall components
or whole bacteria for relatively short time periods (1.5 h). Second,
they used whole blood instead of a specific immune cell type,
which makes it difficult to determine the source of the TNF-�.
Finally, the TNF-� production was measured by mRNA levels,
which may not correlate entirely with protein levels, especially in
the context of a bacterial infection which may be inhibiting spe-
cific immune pathways. When Souza et al. (51) studied p38 mito-
gen-activated protein kinase (MAPK) phosphorylation and M.
avium subsp. paratuberculosis infection in bovine monocytes, they
found an increase in interleukin-10 (IL-10) and TNF-� mRNA
expression following M. avium subsp. paratuberculosis infection.
The induction of IL-10 was dependent on p38; when p38 was
inhibited, a decrease in IL-10 expression and an increase in IL-12
expression were observed while there was no change in TNF-�
expression. Since IL-10 is a known inhibitor of TNF-� and since
IL-12 is a known inducer of TNF-�, the implication of these re-
sults is not clear. These results may reflect the measurement of
mRNA expression levels instead of protein concentrations; it is
possible that the increase in TNF-� expression was an initial re-
sponse to infection which was then quickly suppressed by the ac-
tivity of IL-10. It is also possible that IL-10 and IL-12 affected

TNF-� protein concentration, which was not reflected by the
mRNA levels.

The ultimate result of studies such as this is to identify targets
for therapeutic intervention. This strategy is exemplified by Kuijl
et al. (36), who looked at the role of kinases in bacterial infection,
including both salmonella and mycobacteria. Their strategy was
one that we would advocate: looking at host kinases for insights
into treatment of diseases. They uncovered the key signaling pro-
tein Akt involved in the phagosome-lysosome fusion. Inhibition
of Akt resulted in reduced infection with both salmonella and
mycobacteria. Interestingly our results show an increase in phos-
phorylation of Y326 of Akt1, a known site of Akt activation (see
Tables S1 and S2 in the supplemental material) (10) following
infection with M. avium subsp. paratuberculosis.

Collectively, this investigation offers specific insight into the
pathogenic mechanisms of M. avium subsp. paratuberculosis
which may be of value in the rational design of vaccines and/or
therapeutics. This also offers further insight into the various and
often redundant mechanisms used by viral and bacterial patho-
gens to block IFN-� responsiveness to achieve chronic infections.
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