
FEMS Pathogens and Disease, 73, 2015, ftv085

doi: 10.1093/femspd/ftv085
Advance Access Publication Date: 9 October 2015
Research Article

RESEARCH ARTICLE

Macrophage polarization in cattle experimentally
exposed to Mycobacterium avium subsp.
paratuberculosis
Shyamala Thirunavukkarasu, Kumudika de Silva, Douglas J Begg,
Richard J Whittington and Karren M Plain∗

Faculty of Veterinary Science, The University of Sydney, 425 Werombi Road, Camden, NSW 2570, Australia
∗Corresponding author: Faculty of Veterinary Science, The University of Sydney, 425 Werombi Road, Camden, NSW 2570, Australia. Tel: +61-2-93511619;
Fax: +61-2-93511693; E-mail: karren.plain@sydney.edu.au
One sentence summary: Changes in the activation of a key immune cell type, the macrophage, are evident in animals that have been exposed to the
mycobacteria that causes Johne’s disease.
Editor: Patricia Bozza

ABSTRACT

Mycobacterium avium subspecies paratuberculosis (MAP), the causative agent of Johne’s disease (JD) in cattle, has significant
impacts on the livestock industry and has been implicated in the etiology of Crohn’s disease. Macrophages play a key role in
JD pathogenesis, which is driven by the manipulation of host immune mechanisms by MAP. A change in the macrophage
microenvironment due to pathogenic or host-derived stimuli can lead to classical (M1) or alternative (M2) polarization of
macrophages. In addition, prior exposure to antigenic stimuli has been reported to alter the response of macrophages to
subsequent stimuli. However, macrophage polarization in response to MAP exposure and its possible implications have not
been previously addressed. In this study, we have comprehensively examined monocyte/macrophage polarization and
responsiveness to antigens from MAP-exposed and unexposed animals. At 3 years post-exposure, there was a
heterogeneous macrophage activation pattern characterized by both classical and alternate phenotypes. Moreover,
subsequent exposure of macrophages from MAP-exposed cattle to antigens from MAP and other mycobacterial species led
to significant variation in the production of nitric oxide, interleukin-10 and tumour necrosis factor α. These results indicate
the previously unreported possibility of changes in the activation state and responsiveness of circulating
monocytes/macrophages from MAP-exposed cattle.
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INTRODUCTION

Johne’s disease (JD) is caused byMycobacterium avium subspecies
paratuberculosis (MAP) and affects ruminants such as cattle and
sheep. The scrutiny on this organism is a result of the economic
loss to the livestock industry due to reduced production and
public health concerns due to the notion of MAP as an aeti-

ological agent of Crohn’s disease in humans (Greenstein and
Collins 2004; Hasonova and Pavlik 2006; Raizman Fetrow and
Wells 2009). Infection with MAP is characterized by its chronic-
ity, which is potentiated by survival tactics employed by the
pathogen to cause alterations in the immune machinery and
thereby evade the onslaught of host immune responses that
are elicited (Stabel 2006). As the target cell for MAP intracellular
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infection, the macrophage has been extensively studied mainly
using in vitro infection models, with alterations in the function
of these cells being reported (Weiss et al. 2005; Janagama et al.
2006; Kabara et al. 2010).

Macrophage phenotype can be characterized based on dis-
tinct functional properties (Mills et al. 2000). In response to
the cytokine profile of the microenvironment, pathogenic chal-
lenge and/or cellular interactions, macrophages can differenti-
ate into classically activated M1 or alternatively activated M2
cells that differ in their surface receptor expression, cytokine
and chemokine production (Benoit, Desnues andMege 2008). M1
macrophages aremicrobicidal, proinflammatory and responsive
to IFN-γ while M2 macrophages are poorly microbicidal and
have anti-inflammatory properties (Mosser and Edwards 2008).
A wide range of markers can be used to identify cell surface pro-
teins representing specific macrophage phenotypes. The anti-
gen presentation and costimulatory molecules, MHC class II,
CD80 and CD86, are increased in macrophages with an M1 pro-
file (Benoit, Desnues andMege 2008) while surface expression of
IL-1 receptor alpha and CD163, a scavenger receptor, are associ-
ated with anM2 profile (Oliveira, McClellan and Hansen 2010). In
addition, M1macrophages also express relatively large amounts
of iNOS, resulting in increased production of nitric oxide, and
express proinflammatory cytokines including interleukin (IL)-
12, IL-23 and tumour necrosis factor-alpha (TNF-α). Conversely,
M2 macrophages express higher levels of arginase-1 with resul-
tant reduced nitric oxide production and have increased produc-
tion of anti-inflammatory cytokines such as IL-10 (Mosser and
Edwards 2008). Functional polarization of bovine macrophages
in response to M1 and M2 stimuli has been recently reported
(Castillo-Velázquez et al. 2013).

Manipulation of macrophage polarization is regarded as
a factor in the survival strategies employed by intracellular
pathogens such as mycobacteria (Plueddemann et al. 2011). Pre-
vious studies examining macrophage polarization in mycobac-
terial infections have focused on M. tuberculosis, M. leprae and
M. bovis (Kahnert et al. 2006; Montoya et al. 2009; Andrade et al.
2012; Castillo-Velázquez et al. 2013). A comparison of common
responses with bacterial pathogens at the transcriptomic level
encompassing different bacterial species and across studies has
shown that genes associated with an M1 pattern of activation
aremost commonly expressed (Benoit, Desnues andMege 2008).
Mycobacteria have been found to interfere with and inhibit
M1 polarization by favouring M2 polarization and the resultant
dampening of pro-inflammatory responses, mediated by anti-
inflammatory cytokines such as IL-10, could contribute to dis-
ease persistence (Nagabhushanam et al. 2003; Miller et al. 2004;
Schreiber et al. 2009). However, a recent study has shown that
the macrophage activation profiles in vivo in response to viru-
lent mycobacteria may be more complex (Andrade et al. 2012).

IFN-γ is required to survive mycobacterial infections, as
identified by gene knockout studies in mice and human case
studies of mycobacterial infections in patients with a defect in
the IFN-γ pathway (Flynn et al. 1993; Bustamante et al. 2014).
The complex role that IFN-γ plays in mycobacterial disease im-
munity is not yet fully understood; importantly, the temporal
pattern and size of the IFN-γ response are required to generate
protection (Hope et al. 2011; de Silva et al. 2013). Increased IFN-
γ production has been associated with protective immunity
to mycobacterial infections including paratuberculosis, and re-
duced IFN-γ signalling has been associated with bovine mono-
cytes infected with MAP (Stabel 2006; Arsenault et al. 2012; de
Silva et al. 2013). Longitudinal IFN-γ responses in cattle with
paratuberculosis have not been reported; however, a study in

sheep has shown an association between reduced antigen-
specific IFN-γ responses early post-exposure and paratubercu-
losis disease susceptibility (de Silva et al. 2013). Understanding
the complexity of the immune responses to MAP-exposure and
the interactions between innate and adaptive immunity is im-
portant to understand pathogenesis and also to devise optimum
control strategies such as early diagnosis and effective vaccina-
tion.

We report here the first comprehensive study to assess
macrophage polarization and responsiveness associated with
MAP exposure. In order to determine if the functional charac-
teristics of macrophages are altered in vivo, the surface expres-
sion of molecular markers and production of effector agents
namely nitric oxide, TNF-α and IL-10 in response to stimula-
tion with mycobacteria and mycobacterial antigens was exam-
ined. We provide evidence for the existence of a heterogeneous
monocyte/macrophage population with a mixed M1/M2 pheno-
type and differential responsiveness to mycobacterial antigens
in macrophages from cattle exposed to MAP, which were pre-
dominantly independent of an animal’s potential to secrete high
levels of IFN-γ during the acute stages of MAP exposure. These
findings may have implications for disease outcome and vacci-
nation efficacy in JD.

MATERIALS AND METHODS

Animals and sampling of tissues

Ethical clearance for all animal procedures was obtained from
the Animal Ethics Committee, University of Sydney. Male Hol-
stein and Holstein/Australian Red cross calves were selected
from a property in New SouthWales that was unexposed toMAP
and both the dams and calves were confirmed to be negative by
faecal culture and faecal PCR for MAP (Plain et al. 2014). The ex-
perimental inoculation protocol was similar to a validated ovine
model (Begg et al. 2010) but using a cattle (C) strain of MAP for
inoculating the animals (Purdie et al. 2012). The selected calves
were 3–4 months of age when administered with a low-passage
number laboratory seed stock of MAP (CM00/416/C4). The inoc-
ulation dose was determined using the most probable number
method, as previously described (Reddacliff et al. 2003). Calves
were inoculated with three doses over a period of 1 month with
the total dose of viable MAP administered estimated at 9.46 ×
109. The control unexposed group consisted of 10 age-matched
calves, with exposed and unexposed cohorts maintained in dif-
ferent paddocks at the University of Sydney Camden farms to
prevent cross-contamination. Faecal and blood samples were
collected monthly for the first 6 months and then every 2–3
months. Culture to detect viable MAP in the faeces was per-
formed as previously described (Whittington et al. 1998, 1999).
MAP-specific IFN-γ responses from whole blood were assessed
as previously described (Begg et al. 2009). Blood samples for the
isolation of monocyte-derived macrophages were collected at
3 years post-inoculation.

Preparation of bovine monocyte-derived macrophages

Isolation of PBMCs was carried out by density gradient centrifu-
gation (de Silva et al. 2010). Briefly, blood was collected from the
jugular vein into lithium heparin-coated tubes (Vaccutainer; BD
Biosciences, San Jose, CA), spun at 1544 x g for 20 min and the
buffy coat cells harvested. These were diluted 1:3 in PBS and lay-
ered over Ficoll Paque Plus (GEHealthcare Bio-Sciences, Uppsala,
Sweden), and then centrifuged for 30 min at 754 x g without
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Table 1. Primary, secondary and isotype control antibodies for flow
cytometry.

Target molecule Conjugate Clone Isotype

Primary antibody
CD14a FITC TUK4 IgG2a
MHC class IIb None H42A IgG2a
CD11ba None CC126 IgG2b
CD163a None 2A 10/11 IgG1
CD5d FITC CC17 IgG1
B-B4 (B-cell marker)b None BAQ155A IgG1
γ δ T-cell receptord FITC 86D IgG1
CD80c FITC BB1 IgM,κ
CD86c None IT2.2 IgG2b,κ

Secondary/ isotype control antibody
Anti-mouse IgG1c APC X56 IgG1,κ
Anti-mouse IgG2be APC Polyclonal –
Anti-mouse IgG2af APC Polyclonal –
Mouse isotype IgG2ac FITC G155-178 Mouse IgG2a,κ
Rat anti-mouse IgMc FITC II41 Rat IgG2a,κ

aSupplied by ABD Serotec,Oxford,UK; bsupplied by VMRD Inc, Pullman, WA;
csupplied by BD Pharmingen, San Diego, CA; dprimary antibodies were produced
from the cell lines (86D was the kind gift of Dr Garry Barcham, University of Mel-

bourne) and conjugated to FITC using a Fluroreporter FITC labelling kit (Molecu-
lar probes); esupplied by Columbia Biosciences, Columbia, MD; fsupplied by Cal-
tag Lab, Burlingame, CA.

brake. Immunomagnetic separation of CD14+ monocytic cells
from PBMC was carried out using anti-human CD14 antibody
(TUK4) coated beads (Miltenyi Biotec, Bergish Gladbach, Ger-
many), known to cross-react with bovine CD14, according to the
manufacturer’s instructions. Flow cytometric analysis to con-
firm the purity of the positively selected population was carried
out on the pre-separation and positively selected populations.
Isolated bovine monocytes were resuspended in Macrophage
serum-free culture medium (Macrophage SFM) (Thermo Fisher
Scientific, Rockford, IL) supplemented with recombinant hu-
man Macrophage Colony Stimulating Factor (Sigma-Aldrich)
(1 ng/mL), which has reactivity across multiple mammalian
species (Francey et al. 1992; Gow et al. 2012).

Flow cytometry

Freshly isolated monocytes were resuspended in FACS buffer
(PBS with 2% newborn calf serum and 0.05% sodium azide) and
plated in 96-well plates at 1 × 105 cells/well. The cells were
then stained with primary antibodies or matching isotype con-
trols (Table 1). Cells were incubated for 10 min in the dark fol-
lowed by washing twice with FACS buffer by centrifugation at
233 x g for 10 min, and then staining with a secondary anti-
body if required. Labelled cell populations were fixed with 1%
paraformaldehyde. Flow cytometric data was acquired on a FAC-
SCalibur flow cytometer and analysed using CellQuest Pro soft-
ware (BD Biosciences). A marker was applied that defined the
positively stained population and expression of CD80, CD86 and
CD163 assessed. Data are presented as the percentage of pos-
itively stained cells for each individual antibody, after subtrac-
tion of the corresponding value for the isotype control antibody-
stained population.

Macrophage stimulation cultures

Monocytes were plated at 1×105 cells/well (100 μL) into 96-
well flat-bottom plates (BD) and cultured for 8–10 days at 37◦C
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Figure 1. MAP-specific whole-blood IFN-γ responses from exposed and unex-
posed cattle at 0, 6, 12 and 36 months post-inoculation. Results are the IFN-γ

sample to positive (S/P) ratio mean ± standard error of the mean derived from
REML linear mixed model. The MAP-exposed cattle were categorized based on
their IFN-γ response at 4 months post-inoculation as high (an IFN-γ ELISA S/P
ratio of 0.4–0.9) (n = 5) or low (an IFN-γ ELISA S/P ratio of 0.2–0.3) (n = 5) re-

sponders and grouped accordingly. Asterisk indicates significantly higher IFN- γ

responses (P < 0.05) compared to low responders and unexposed control groups.
Negative stimulation control (Media alone) and positive control pokeweed mito-

gen (PWM) responses are averaged across all animals and timepoints.

in a humidified atmosphere of 5% CO2 in air until confluent
macrophage monolayers were achieved. For stimulation cul-
tures, LPS from E. coli (Sigma-Aldrich) was used as the posi-
tive control antigen at a final concentration of 25 ng/mL. Both
the French pressed MAP 316v strain whole-cell-derived anti-
gen (MAP 316v antigen) and M. bovis purified protein deriva-
tive (PPDB) were used at a final concentration of 100 μg/mL.
The C strain of MAP CM00/416 (Marsh et al. 2006) and M. smeg-
matis (a kind gift from Dr Nicolas West, University of Syd-
ney) were used live or heat-killed (80◦C for 1 h) at an MOI
of 1:1.

Some macrophage cultures were pre-treated with recombi-
nant bovine IFN-γ (Thermo Fisher Scientific) at a concentration
of 100 ng/mL for a period of 1 h prior to antigen stimulation.
Cells were then washed with fresh culture medium and both
the untreated and IFN-γ pre-treated cells were incubated with
antigens/bacteria at 37◦C in a humidified atmosphere of 5% CO2

in air and supernatants were harvested at 48 h post-incubation.
All samples were tested in triplicate for the nitric oxide assay or
in duplicate for the cytokine assays.

Cytokine and nitric oxide assays

MAP-specific IFN-γ production was assessed on plasma follow-
ing a whole blood stimulation culture (48 h) with MAP 316v
antigen, as previously described (Begg et al. 2009). The MAP-
exposed cattle were categorized based on their IFN-γ response
at 4 months post-inoculation as high (an IFN-γ ELISA S/P ratio
of 0.4–0.9) (n = 5) or low (an IFN-γ ELISA S/P ratio of 0.2-0.3) (n =
5) responders and followed throughout the trial (Fig. 1).

Nitric oxide production in macrophage cultures was esti-
mated by the Griess assay (Sigma-Aldrich), according to the
manufacturer’s instructions. The IL-10 response was assessed
in supernatants of cultured macrophages by ELISA (Kwong et al.
2002; de Silva, Begg and Whittington 2011) and the TNF-α re-
sponse was estimated using the bovine TNF-α VetSet ELISA de-
velopment kit (Kingfisher Biotech, Saint Paul, MN) according to
the manufacturer’s protocol.
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Statistical analysis

Data were analysed for differences between pre-treatment
groups, subgroups and between the various stimulants used
by restricted maximum likelihood (REML) analysis in a linear
mixed model (GenStat, 13th edition, VSN International Ltd, UK),
with statistical significance set at the 5% level. The linear mixed
model as fitted using the REML procedure caters for correlated
data as a result of observations being taken from the same an-
imal at multiple time points as has been done for the IFNγ re-
sponses in blood. REML also accounts for the degrees of freedom
lost by estimating the fixed effects, and makes an unbiased es-
timation of random effects variances and hence is considered
to be a stringent model for estimating variance components in
an experiment. Predicted means were generated by the model
and were considered significantly different to each other if they
varied by an amount greater than the least square of differences.

RESULTS

Bovine infection model and MAP-specific IFN-gamma
responses

Calves experimentally inoculated with viable MAP organisms
were comparedwith age-matched control unexposed cattle. The
MAP-specific blood IFN-γ responses of the exposed calves were
examined monthly for the first 6 months and then every 2–3
months and the animals subgrouped into early high and low
IFN-γ responders; the IFN-γ response was significantly differ-
ent between these two groups throughout the trial (Fig. 1). The
circulating monocytes from these exposed and unexposed cat-
tle were examined at 3 years post-inoculation. Following inocu-
lation, intermittent shedding of MAP was detected in the faeces
of the exposed cattle by culture (data not shown); however, none
were consistently shedding MAP in their faeces at the time of
sampling. This is consistent with the time course of the disease
in cattle, with clinical signs generally not evident formany years
post-exposure.

Monocytes from MAP-exposed cattle express CD80,
CD86 and CD163

Monocytes were isolated from peripheral blood using anti-CD14
antibody-coatedmicrobeads and confirmed by flowcytometry to
be 92–95% CD14+ and have phenotypic markers associated with
monocytic cells; MHC class II+, CD11b+ and negative for CD5, B-
B4 (B-cell marker) and γ δ T-cell receptor (data not shown). The
majority of the isolated monocyte cell population in both un-
exposed and MAP-exposed cattle was CD163 positive (Fig. 2 A–
C). There was no significant difference between the CD163 ex-
pression level in unexposed and MAP-exposed cattle. However,
when the MAP-exposed cattle were subgrouped into those with
early high and low IFN-γ responses, the proportion of cells that
expressed CD163 was significantly decreased (P ≤ 0.05) in the
high IFN-γ responders in comparison with the low responders
(Fig. 2C). A higher proportion of monocytes isolated from MAP-
exposed cattle expressed CD80 and CD86 in comparison with
monocytes fromunexposed control cattle, although thiswas sig-
nificant only for CD80 (P ≤ 0.05) (Fig. 2F). This was observed as a
shift in the population to the right (flow cytometric peak shift)
(Fig. 2D and E). There were no significant differences in expres-
sion of CD80 or CD86 between the cattle with high and low IFN-γ
responses (data not shown). The expression of M1 and M2 cell

surface markers on unexposed and MAP-exposed monocytes is
summarized in Table 2.

Nitric oxide production by monocyte-derived
macrophages from exposed cattle

To assess the ability of monocyte-derived macrophages from
MAP-exposed cattle to respond to stimulants, including MAP
and its antigens, monocytes were isolated from the peripheral
blood of MAP-exposed and unexposed cattle, cultured for 8–10
days and their nitric oxide production assessed following stimu-
lation (Fig. 3). Cultures were stimulated with MAP 316v antigen,
M. bovis antigen (PPDB) or LPS as a positive control. Addition-
ally, the ability to respond to live MAP, and the non-pathogenic
mycobacterium, M. smegmatis, was compared. The role of IFN-γ
was examined by comparing cellular responses with and with-
out pre-stimulation with bovine IFN-γ .

Monocyte-derived macrophages from both unexposed and
MAP-exposed cattle produced nitric oxide in response to live
MAP andMAP 316v antigen (Fig. 3A and D). There was no signifi-
cant difference in overall nitric oxide secretion by cells from un-
exposed and MAP-exposed cattle, without IFN-γ pre-treatment.
There was however a significant overall decrease in nitric ox-
ide production across all treatment groups bymacrophages from
theMAP-exposed cattle in comparison to the unexposed control
cattle in those cultures pre-treated with IFN-γ (P ≤ 0.05). Dif-
ferences between individual treatment groups for this effector
agent did not reach significance.

When the exposed cattle were subdivided into low and
high IFN-γ responders, it was observed that monocyte-derived
macrophages from exposed animals with a high MAP-specific
IFN-γ response had a significantly higher (P ≤ 0.05) nitric oxide
response to live MAP, in comparison with the low IFN-γ respon-
ders (Fig. 4). This was the case for cultures with or without IFN-γ
pre-treatment.

Monocyte-derived macrophages from exposed cattle
produce both IL-10 and TNFα in response to MAP
antigens

Aswith the nitric oxide studies,monocyte-derivedmacrophages
from the peripheral blood ofMAP-exposed and unexposed cattle
were cultured for 8–10 days and then stimulated (Fig. 3). There
was a significant increase in IL-10 production (P ≤ 0.05) in re-
sponse to MAP 316v antigen by macrophages from the MAP-
exposed cattle in comparison to the unexposed cattle for cul-
tures without IFN-γ pre-treatment (Fig. 3B). Contrary to this,
there was a significant decrease (P ≤ 0.05) in IL-10 production
obtained in macrophages from the exposed cattle in response
to live M. smegmatis in comparison with the unexposed cattle
(Fig. 3B). When the cells were pre-treated with IFN-γ , the IL-
10 responses overall tended to be lower and macrophages from
the exposed cattle responded with a significant decrease (P ≤
0.05) in IL-10 production in comparison to the groupwithout any
pre-treatment in response to incubation withMAP 316v antigen,
PPDB and live MAP (Fig. 3E). The highest IL-10 response was seen
in cultures of macrophages from MAP-exposed cattle that were
stimulatedwithMAP 316v antigen, without IFN-γ pre-treatment
(Fig. 3B and E). When the exposed cattle were subdivided into
IFN-γ low and high responders, there were no significant dif-
ferences in monocyte-derived macrophage IL-10 responses be-
tween the subgroups, though the significant decrease in IL-10
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Figure 2. Expression of CD163, CD80 and CD86 bymonocytes from unexposed andMAP-exposed cattle. PBMCwere isolated from the whole blood of unexposed control
(n = 5), MAP-exposed (n = 10) cattle by Ficoll-density gradient separation. The MAP-exposed cattle were selected based on either low blood IFN-γ responses (n = 5) or
high IFN-γ responses (n = 5). CD14+ selection by the MACS R© isolation system was used to separate the monocytic population. Staining for M2 macrophage marker
CD163 is shown in panels A, B and C and costimulatory molecules, CD80 and CD86, are shown in panels D, E and F. Representative flow cytometry profiles are shown

for CD163 expression by monocytes from unexposed (A) and MAP-exposed (B) cattle and CD80 expression by monocytes from unexposed (D) and MAP-exposed (E)
cattle. The shaded histogram is the unstained population, the dotted line is the staining for the isotype control and the thick black line is the population staining
for the specific antibody. CD86 profiles are not shown but there was a similar population profile as seen for CD80. Panels C and F show combined surface molecular
staining data for monocytes from all unexposed and MAP-exposed cattle. Data are the mean positive population (%) plus standard error of the mean for replicate

stained wells of monocytes from 5 control unexposed and 10 MAP-exposed cattle; for CD163 these were divided into low and high IFN-γ responder subgroups. Gating
of the positive population was based on the isotype control antibody staining. Hash denotes a significant decrease (P ≤ 0.05) in CD163 expression MAP-exposed cattle
with high and low IFN- γ responses. Asterisk denotes a significant increase (P ≤ 0.05) in the CD80 expression inmonocytes from the MAP-exposed cattle in comparison
with the unexposed control animals.

production in IFN-γ pre-treated cultures was seen for both sub-
groups (Fig. S1, Supporting Information).

There was a significant increase (P ≤ 0.05) in TNF-α produc-
tion in response to both antigens and bacteria by macrophages
from the MAP-exposed cattle compared to the unexposed cattle
with or without IFN-γ pre-treatment (Fig. 3C and F). The posi-
tive control (LPS) did not induce an appreciable TNF-α response
inmacrophages from the unexposed cattle, but it was induced in
macrophages from the exposed cattle. Unlike the IL-10 response,
IFN-γ pre-treatment did not significantly reduce TNF-α produc-
tion in the different treatment groups (Fig. 3F). The highest TNF-
α level was seen in cultures of macrophages from MAP-exposed
cattle that were stimulated with MAP 316v antigen, either with
or without IFN-γ pre-treatment (Fig. 3C). No significant differ-
ences were seen between the subgroups of low and high IFN-
γ responders with regard to TNF-α responses (Fig. S2, Support-
ing Information). The production of effectormolecules by bovine
macrophages from unexposed and MAP-exposed cattle is sum-
marized in Table 2.

DISCUSSION

To our knowledge this is the first study reporting specifically on
the issue of macrophage polarization ex vivo in JD, relative to the
magnitude of the animal’s response in an IFN-γ release assay.
Based on the study of surface marker expression by freshly iso-
lated monocytes as well as production of effector molecules by
isolated macrophages from unexposed and MAP-exposed cat-
tle in vitro, we show that subclinical MAP infection is charac-
terized by the presence of both M1 and M2 activation subtypes
of macrophages. The in vitro studies on cultured monocyte-
derived macrophages from unexposed and MAP-exposed cat-
tle reinforce the findings of the ex vivo study. These responses
though modulated in MAP-exposed animals occur largely in-
dependent of the animal’s degree of IFN-γ responsiveness to
MAP antigens, detected during the early stages of infection. We
also raise the question of the phenomenon of cross tolerance in
MAP-infection, indicating the complexity of immune responses
elicited during this disease.
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Table 2. Expression of monocyte/macrophage surface markers and
effector molecules associated with an M1 or M2 phenotype in unex-
posed and MAP-exposed cattle.

MAP-exposed

Surface marker/ M1 or IFN-γ IFN-γ
effector moleculea M2b Unexposed All low high

CD80 M1 – + + +
CD86 M1 + ++ +++ ++
Nitric oxide M1 ++ ++ + ++
TNF-α M1 + ++++ ++++ ++++
CD163 M2 +++ +++ +++ +++
IL-10 M2 + ++ ++ ++

aFor effector molecules, the responses to MAP and/or MAP Ag are represented.
bDenotes whether a marker/molecule is generally associated with an M1 or an

M2 phenotype, based on the available literature in other species.

Monocytes isolated from MAP-exposed cattle expressed
CD80 and CD86 suggesting the presence of M1macrophage phe-
notypes,with CD80 expression significantly increased compared
to unexposed controls. There were no significant differences
in CD163 expression, an M2 marker, by monocytes from the
unexposed and MAP-exposed cattle. However, when the MAP-
exposed animals were subgrouped based on their early IFN-γ
responses, a significant decrease in the expression of CD163 in

animals with a high IFN-γ response was observed. Collectively,
these results suggest that MAP exposure does not lead to a spe-
cific polarized pattern of the circulating monocytes.

We further assessed macrophage effector functions asso-
ciated with M1 and M2 profiles, namely production of nitric
oxide and the cytokines, IL-10 and TNF-α. Macrophages cul-
tured from unexposed cattle pre-treated with IFN-γ had signifi-
cantly increased nitric oxide production upon stimulation with
mycobacteria and antigens in comparison to those from MAP-
exposed cattle. This is similar to the findings previously reported
by Simutis, Jones and Hostetter (2007) who found that an IFN-
γ concentration capable of activating macrophages under nor-
mal conditions was insufficient at inducing significant nitric ox-
ide production by macrophages conditioned to MAP antigens
(Simutis, Jones and Hostetter 2007), thus favouring the devel-
opment of the M2 phenotype. However, increased nitric oxide
production was reported after addition of live MAP to PBMC cul-
tures from healthy cattle and cattle clinically infected with MAP,
boosted by treatment with IFN-γ (Khalifeh, Al-Majali and Stabel
2009); this was not observed in the current study and may re-
flect differences in the cell types assessed and/or time point of
sampling in relation to disease development.

The enhanced ability of macrophages from MAP-exposed
cattle to produce TNF-α and IL-10 in response to MAP and/or
MAP antigen supports the absence of a clearly delineated pro-
or anti-inflammatory shift in the effector functions of the
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Figure 3.Nitric oxide and cytokine responses ofmonocyte-derivedmacrophages tomycobacteria and antigens. PBMCswere isolated from thewhole blood of unexposed
control (n = 5), MAP-exposed (n = 10) cattle and monocytes isolated by CD14+ selection using MACS R© . Cultured bovine macrophages were incubated for a period of
48 h with LPS (25 ng/mL), MAP 316v antigen (316v) or M. bovis antigen (PPDB; 100 μg/mL), live MAP or M. smegmatis strains at an MOI of 1:1 (viable count). Cells were
cultured without pre-treatment (top panels A–C) or after IFN-γ pre-treatment for 1 h (lower panels D–F). Supernatants were assayed for production of nitric oxide (A,

D); IL-10 (B, E) or TNF-α (C, F). Data are the mean plus standard error of the mean of three replicate cultures from one out of two independent experiments. Asterisk
denotes a significant difference (P ≤ 0.05) in macrophage responses between the unexposed and MAP-exposed cattle. Hash denotes a significant difference (P ≤ 0.05)
between the macrophage responses from MAP-exposed cattle without IFN-γ pre-treatment and after IFN-γ pre-treatment.
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Figure 4. Nitric oxide responses of monocyte-derived macrophages cultured from MAP-exposed cattle, subgrouped into low and high IFN-γ responders. PBMC were
isolated from the whole blood from MAP-exposed (n = 10) cattle and monocytes isolated by CD14+ selection using MACS R© . The MAP-exposed cattle were subgrouped

into low (n = 5) or high IFN-γ responders (n = 5), based on responses in the whole-blood MAP-specific IFN-γ assay. Cultured bovine macrophages were incubated with
LPS (25 ng/mL), MAP 316v antigen (316v Ag) or M. bovis antigen (PPDB) (100 μg/mL), live MAP or M. smegmatis strains at an MOI of 1:1 (viable count) for a period of
48 h, without pre-treatment or after IFN-γ pre-treatment for 1 h. Data are the mean plus standard error of the mean of three replicate cultures from one out of two
independent experiments. Hash denotes a significant increase (P ≤ 0.05) in nitric oxide response to incubation with live MAP in the high compared to the low IFN-γ

responder subgroup, with or without IFN-γ pre-treatment.

macrophages following MAP exposure. Unlike nitric oxide pro-
duction, TNF-α and IL-10 responses did not vary between the
IFN-γ high and low responders, which suggests that the dif-
ferences found are more dependent on MAP exposure status
per se than on the early IFN-γ responses of an animal to that
exposure. The MAP 316v whole cell antigen appeared to pro-
mote stronger macrophage responses than live MAP, which
may be due to differences in the availability or recognition of
the MAP antigens over the time of the stimulation cultures
or an inherent difference related to macrophage infection by
live MAP.

Pre-treatment of macrophage cultures with IFN-γ decreased
overall IL-10 production in response to antigens as well as live
MAP, consistent with IFN-γ favouring a shift to a classically ac-
tivated M1 phenotype. IL-10 is known to skew the macrophage
phenotype toward M2, as assessed by the expression of several
markers including CD163, which is considered to be highly M2
specific (Weiss et al. 2005). Linking these findings with the de-
creased CD163 expression ex vivo in animals with high IFN-γ
responses suggests that a shift toward increased IFN-γ along
with IL-10 could play a role in CD163 expression following MAP-
exposure.

Tolerance inmacrophages and other antigen presenting cells
due to LPS or other bacterial antigens results in a state of tran-
sient hyporesponsiveness to subsequent stimulation with the
same or another antigen (cross-tolerance) (Dalpke et al. 2005;
Yang et al. 2012). Non-pathogenic M. smegmatis is capable of
inducing the differentiation of human monocytes into mature
dendritic cells and it was concluded that this might be a plau-
sible mechanism by which environmental mycobacteria influ-
ence immune responses to pathogenic species (Martino et al.
2005). The findings of Martino et al. (2005) are reflected in our
study, wherein M. smegmatis caused enhanced nitric oxide and
IL-10 in unexposed cattle only and prior exposure to MAP ap-
pears to have influenced subsequent macrophage responses to
this mycobacterium. This suggests that there is the potential for
cross-tolerance between non-pathogenic environmental strains
like M. smegmatis and pathogenic mycobacteria such as MAP,
whichmay influence immunity and subsequentmacrophage re-

sponses. This finding needs to be verified by further studies.
Regardless, the phenomenon has important implications in ad-
dressing issues associated with vaccine efficacy, as it has been
shown that tolerance due to exposure to environmental my-
cobacteria could interfere with the efficacy to BCG vaccine (Fla-
herty et al. 2006; Young et al. 2007).

Our study does have limitations with regard to the mono-
cyte isolation method, culture conditions as well as reagent
choice. Monocytes used in this study were positively selected
using microbeads targeting CD14, which has long been consid-
ered as a specific marker for monocyte/macrophages including
those of bovine origin (Seo et al. 2009; Machugh et al. 2012). A
recently published study reported a minor population of circu-
lating bovine monocytes that were CD16+ and expressed low
levels of CD14 (Hussen et al. 2013), similar to the monocyte sub-
sets found in humans (Ziegler-Heitbrock 2007). This information
was not available while our study was being conducted and it is
possible that selection based on only the CD14+ marker could
have led to an intrinsic bias in the findings of this study. We cul-
tured themacrophages in tissue culture plates to fully reflect the
mature nature of the macrophage in a tissue microenvironment
where adherence is essential. While these factors might lead to
a bias in the expression level of certain markers, our results are
based on a comparison of the MAP-exposed animals with the
unexposed controls.

However, given these limitations, the power of this study is
the fact that outbred animals were examined, using an infec-
tion model in the natural host, to demonstrate significant phe-
notypic and functional differences of monocytes/macrophages
from MAP-exposed animals. It would be of interest to examine
macrophage populations derived directly from lesions in the gut
and associated lymph nodes to determine if the heterogeneous
macrophage activation is present locally, as cells from the cir-
culation may not reflect the situation at the intestinal site due
to compartmentalization in the generated immune responses
(Koets, Eda and Sreevatsan 2015).

In conclusion, circulatingmonocytes fromMAP-exposed cat-
tle express CD163 as well as CD80 and CD86 and in vitro these
monocyte-derived macrophages have responses characteristic
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of both classical proinflammatory M1 cells and alternatively ac-
tivated, anti-inflammatory M2 cells. These changes are predom-
inantly independent of whether the animals were high or low
responders for the protective cytokine, IFN-γ . We raise the ques-
tion of the possible existence of the phenomenon ofmacrophage
cross-tolerance in mycobacterial infection, which may be of im-
portance when viewed from the perspective of vaccination. Cur-
rently, there are no studies addressingwhetherMAP vaccination
or prior exposure to related organisms could cause immune tol-
erance that may impact on the ability of vaccination to protect
animals against disease.
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