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Innate immune response of bovine mammary epithelial cells
to Mycoplasma bovis
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Mycoplasma spp. are contagious bacteria, and mycoplasmal mastitis is a serious productivity problem on dairy farms. Bovine mammary
epithelial cells (bMECs) have an important role in the elimination of pathogens, but the effect of Mycoplasma bovis on bMECs has not been
fully described. To elucidate the immune response against intramammary infection by M. bovis, we undertook microarray analysis to examine
and profile mRNA expression in bMECs after stimulation with M. bovis. We also compared the effects of M. bovis, Staphylococcus aureus,
and Escherichia coli on immune-related mRNA expression in bMECs. Transcriptome analysis indicated a significant decrease in the level
of mRNA-encoding lysine-specific demethylase 4D, suggesting that the immune response is suppressed by a decrease in histone demethylase
activity. Interleukin (IL)-1B, IL-6, tumor necrosis factor alpha, toll-like receptor (TLR) 2, and TLR4 mRNA expression levels were
significantly increased in bMEC:s stimulated with heat-killed M. bovis, but the expression levels were lower than those following stimulation
by heat-killed S. aureus or E. coli. Our results suggest that M. bovis weakly affects mRNA expression in bMECs compared to the effects of

E. coli or S. aureus. Moreover, live M. bovis may induce suppression of the immune response in bMECs.
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Introduction

Mycoplasma, a member of bacterial class Mollicutes, does
not have a cell wall and is widespread in eukaryotes [19]. Among
the Mycoplasma spp., Mycoplasma bovis is the most serious
pathogen of cattle [ 14,16], contributing to mastitis, pneumonia,
and arthritis [3,5,14]. Mycoplasma spp. are contagious bacteria
on dairy farms and their ability to cause intramammary
infection is a serious problem [17]. Because clinical mastitis
caused by M. bovis is difficult to treat via antibiotic therapy,
cows infected with M. bovis on farms must be culled to prevent
outbreaks of mycoplasmal mastitis [17].

In mastitis, mammary epithelial cells (MECs) play an important
role [18]. MECs have pattern recognition receptors (PRRs) that
recognize pathogen-associated molecular patterns (PAMPs)
that serve as the first line of defense against intramammary
infections [18]. When MECs recognize PAMPs via PRRs, such
as the toll-like receptor (TLR), the cells are induced to secrete
chemokines, cytokines, and antimicrobial peptides, resulting in
leukocyte recruitment and activation, helping in the fight

against pathogens [18].

Escherichia coli and Staphylococcus aureus are well-studied
major pathogens involved in mastitis and often cause different
immune responses in bovine MECs (bMECs) [2,7,10,13]. It has
previously been reported that the induction of tumor necrosis
factor alpha (TNF-o), interleukin (IL)-1, and activated NF-xB
in bMECs stimulated with E. coli was stronger than the induction
in bMECs stimulated with S. aureus [6].

However, the immune response of bMECs to stimulation
with M. bovis remains unclear. In the present study, we used
microarray analysis to examine and profile mRNA expression
in bMECs after stimulation with M. bovis; this work was
expected to enhance the understanding of the immune response
against intramammary infection by M. bovis. We evaluated the
effect of M. bovis and compared that response to the effects of
S. aureus and E. coli on proinflammatory cytokine-, chemokine-
and antimicrobial peptide-related mRNA expression in bMECs.
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Materials and Methods

Bacterial strains

M. bovis (PG45: ATCC 25523) was grown in modified PPLO
medium (Kanto Kagaku, Japan) at 37°C for 48 h. M. bovis was
harvested by centrifugation (16,000 x g for 40 min) and then
washed with phosphate-buffered saline. S. aureus (ATCC6538P)
and E. coli (NBRC14237) were grown in brain-heart infusion
medium (Nissui, Japan) at 37°C for 24 h. The bacteria were
heat-killed at 70°C for 5 min (M. bovis) or at 75°C for 30 min (S.
aureus and E. coli). Live or heat-killed bacteria were suspended
at 10° colony-forming unit/mL in RPMI 1640 medium with
L-glutamine (RPMI 1640; Sigma-Aldrich, Japan) containing
10% fetal bovine serum and stored at —70°C until required.

Bovine mammary epithelial cells

A clonal bMEC line established from a lactating Holstein cow
was used as the model, as previously described [15]. Cells were
stimulated with heat-killed or live M. bovis, S. aureus, or E. coli
at multiplicities of infection (MOIs) of 10, 100 or 1,000 for 6 h,
12 h, and 24 h.

Table 1. Sequences of oligonucleotide primers

Total RNA isolation and cDNA synthesis

Total RNA (tRNA) extracted from the bMECs was obtained
by using the PureLink RNA mini kit (Ambion, USA). Following
DNAse digestion with TURBO DNA-free DNAse (Ambion),
tRNA was quantified via spectrophotometry using a BioSpec-nano
(Shimadzu, Japan). ReverTra Ace reverse transcriptase (Toyobo,
Japan) and oligo dT primers (Toyobo) were used to synthesize
cDNA from 1 pug of tRNA. For each reaction, a parallel negative
control reaction was performed without reverse transcriptase.
Polymerase chain reaction (PCR) was used to amplify the
[-actin-encoding transcript, and bands were analyzed on 1.5%
agarose gels stained with ethidium bromide and visualized on
an ultraviolet transilluminator.

Microarray experiment and analysis

Data for six microarrays (3 stimuli, 3 control) of bMECs
stimulated with M. bovis for 6 h were provided by Takara Bio
(Japan). The gene expression dataset was obtained via Agilent
single-color microarray platform (4 x 44K bovine gene expression
array, grid ID 023647). Samples were processed for profiling
via Agilent microarrays, and data were normalized as previously
described [4]; t-tests were used to identify significant differences
in gene expression (p < 0.025) between samples. In a further

Gene product Primer sequence

Amplicon size (bp) Accession No.

Factin F: AGC AAG CAG GAG TAC GAT GAG 241 NM_173979.3
R: ATC CAA CCG ACT GCT GTC A

YWHAZ F: GCATCC CACAGA CTATTT CC 120 GU817014.1
R: GCA AAG ACA ATG ACA GAC CA

IL-18 F: AGT GCC TAC GCA CAT GTC TTC 114 NM_174093.1
R: TGC GTC ACA CAG AAA CTC GTC

IL-6 F: ATC AGA ACA CTG ATC CAG ATC C 145 NM_173923.2
R: CAA GGT TTC TCA GGA TGA GG

IL-8 F: GAA GAG AGC TGA GAA GCA AGATCC 142 NM_173925.2
R: ACC CAC ACA GAA CAT GAG GC

TNF-a F: TCT TCT CAA GCC TCA AGT AAC AAG C 418 NM_173966.3
R: CCA TGA GGG CAT TGG CAT AC

TLR2 F: CAT TCC CTG GCA AGT GGA TTA TC 195 NM_174197.2
R: GGA ATG GCCTTCTTG TCA ATG G

TLR4 F: CTT CCC GGG GGA TGT TTC AA 169 NM_174198.6
R: CCT GAG GCG GTT TCT ACT CG

Lactoferrin F: GTG GAT GGC AAG GAA GACTTG 90 NM_180998.2
R: CAA AGA GCT GGA AGC TCC GA

[-defensin F: TCT TCT GGT CCT GTC TGCT 130 NM 175703
R: CCG AAC AGG TGC CAA TCT GT

KDMA4D F: GAT GGA CAATCC TGC CCC AA 146 XM_005215772
R: AGG ACCTAG TTC ACG GGT CA

bp, base pair; F, forward; R, reverse; YWHAZ, tryptophan 5-monooxygenase activation protein zeta polypeptide; IL, interleukin; TNF, tumor necrosis factor;

TLR, toll-like receptor; KDM4D, lysine-specific demethylase 4D.
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filtering step, we selected only those genes exhibiting a fold
change of = 2. The whole dataset is publicly available from the
ArrayExpress database (accession number E-MTAB-5306).

Quantitative PCR (qPCR) analysis

A Thunderbird SYBR gPCR mix (Toyobo) and a MyiQ-iCycler
(Bio-Rad Laboratories, USA) were used for gPCR analysis.
Primer sequences are depicted in Table 1. Melt curve analysis
was used to confirm that each primer pair amplified only one
product. We used a BLAST search (National Center for
Biotechnology Information, USA) to confirm that only the
target gene of interest was amplified by the primer sequences.
The qPCR analyses were performed starting with denaturation
at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C
for 15 sec, annealing at 60°C for 30 sec, and extension at 72°C
for 30 sec. Melt curve analysis consisted of heating the PCR
product from 55°C to 95°C and monitoring the fluorescence
change at every increase of 0.5°C. We used the transcripts
encoding B-actin and tryptophan 5-monooxygenase activation
protein zeta polypeptide (YWHAZ) as reference genes [20,24].

Statistical analysis

Data from five bMECs were expressed as mean + SE values.
Inferential analysis was performed by using the Kruskal-Wallis
test for comparison between groups, the Steel test for multiple
comparisons, and the Welch’s #-test for paired groups. These
statistical analyses were performed by using Ekuseru-Toukei
2010 for Windows (Social Survey Research Information,
Japan). In all cases, a p value of < 0.05 was considered to
indicate statistical significance.

Results

Microarray analysis

We investigated gene expression in bMECs stimulated with
or without live M. bovis by using an Agilent Bovine Gene
Expression Microarray. Statistical analysis revealed that
expression of the gene encoding lysine-specific demethylase
4D (KDM4D; a protein with histone demethylase activity) was
significantly decreased (p < 0.025 with a fold increase > 2) in
bMECs stimulated with live M. bovis compared to expression in
unstimulated bMECs. For validation of this result, KDM4D
mRNA expression in bMECs stimulated with live M. bovis was
quantified by using real-time PCR; the PCR result showed that
expression of this gene was nominally decreased in bMECs
stimulated with live M. bovis, although the data fell short of
significance (p < 0.061) (Fig. 1). In contrast, KDM4D gene
expression was nominally increased (p < 0.085) after stimulation
with heat-killed M. bovis (data not shown).
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Quantification of proinflammatory cytokine and chemokine
mRNA expressions

The expression of genes encoding proinflammatory cytokines
IL-1B, IL-6 and TNF-o in bMECs stimulated with M. bovis, S.
aureus, or E. coli was evaluated by real-time PCR (Fig. 2).
IL-1B, IL-6, and TNF-o0 mRNA expressions in bMECs stimulated
with heat-killed M. bovis (MOIs of 1,000) for 12 h were
significantly (p < 0.01) increased compared with unstimulated
cells. Stimulation with live M. bovis revealed a nominal increase
that fell short of significance. In contrast, live S. aureus induced
significant increases (p < 0.01) in IL-1f (MOI of 10), IL-6
(MOI of 1,000), and TNF-o. (MOI of 1,000) mRNA expression
in bMECs after 24 h incubation. After 12 h of stimulation with
E. coli, IL-1P (live: MOIs of 10, 100, and 1,000; heat-killed:
MOIs of 10, 100, and 1,000), IL-6 (live: MOlIs of 10, 100, and
1,000; heat-killed: MOIs of 100 and 1,000) and TNF-o (live:
MOI of 100; heat-killed: MOI of 1,000) mRNA expressions in

KDM4D
10 *
9 S ———
81 +
S 7
S - 57
S © |
s © 4
S 3
2_
1_
0 T 1
Control M. bovis
1.2
1.0+
© 0.8
[0) .
-
®
£ § 061
R )
T O
£ % 04-
0.2 1
0 T 1
Control M. bovis

Fig. 1. Microarray analysis and validation of KDM4D mRNA
expression in bMECs stimulated with Mycoplasma bovis; bovine
mammary epithelial cells (b0MECs) were incubated with live M.
bovis at an multiplicity of infection of 1,000 for 6 h. The data are
expressed from three (microarray) or four (real-time polymerase
chain reaction [PCR]) independent experiments. Significant
difference (*p < 0.05) compared with unstimulated bMECs.
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Fig. 2. Expressions of cytokine mRNA in bovine mammary epithelial cells (bMECs) stimulated with Mycoplasma bovis, Staphylococcus
aureus, or Escherichia coli; bMECs were incubated with M. bovis, S. aureus, or E. coli, live or heat-killed, at multiplicities of infection
of 10 (A), 100 (), and 1,000 (@) for 6, 12, and 24 h. Expressions of interleukin (IL)-1B, IL-6, and tumor necrosis factor alpha (TNF-o)
mRNA determined by real-time polymerase chain reaction and expressed as fold increases, as described in Materials and Methods
section. The data are expressed as mean + SE values from five independent experiments. Significant differences (*p < 0.05 or **p
< 0.01) compared with unstimulated bMECs.
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Fig. 3. Expressions of chemokine mRNA in bovine mammary epithelial cells (bMECs) stimulated with Mycoplasma bovis,
Staphylococcus aureus, or Escherichia coli; bMECs were incubated with M. bovis, S. aureus, or E. coli, live or heat-killed, at
multiplicities of infection of 10 (A), 100 ((J), and 1,000 (@) for 6, 12, and 24 h. Expressions of interleukin (IL)-8 mRNA were
determined by real-time polymerase chain reaction and are expressed as fold increases, as described in Materials and Methods section.
The data are expressed as mean + SE values from five independent experiments. Significant differences (*p < 0.05 or **p < 0.01)

compared with unstimulated bMECs.

bMECs were significantly (p < 0.01 or 0.05) increased.

Chemokine (IL-8) mRNA expressions in bMECs stimulated
with M. bovis, S. aureus, or E. coli are shown in Fig. 3. There
was no detectable effect of M. bovis on IL-8 mRNA expression
in bMECs. However, significant increases in IL-8 mRNA
expression in bMECs were detected after stimulation with live
S. aureus at an MOI of 1,000 for 24 h (p < 0.05), live E. coli at
MOIs of 10 and 100 for 12 h (p < 0.01 and 0.05, respectively),
and heat-killed E. coli at an MOI of 1,000 for 12 h (p < 0.05)
and 24 h (p < 0.05).

Quantification of antimicrobial peptide mRNA expression
The effects of M. bovis, S. aureus, and E. coli on the
expression in bMECs of genes encoding antimicrobial peptides
lactoferrin (Lf) and P-defensin were evaluated (Fig. 4).
Changes in Lf and B-defensin mRNA expressions were not
observed in bMECs stimulated with M. bovis. However,
significant increases in Lf and B-defensin mRNA expression
were found in bMECs stimulated with live S. aureus at an MOI
of 1,000 for 24 h (Lf: p < 0.05; B-defensin: p < 0.01), live E.
coli at MOlIs of 10 for 24 h (Lf: p < 0.05) and 1,000 for 24 h
(B-defensin: p < 0.05), and heat-killed E. coli at an MOI of 100
for 12 h (Lf: p < 0.05) and 24 h (B-defensin: p < 0.05) and at
an MOI of 1,000 for 12 h (Lf: p < 0.01; B-defensin: p < 0.01).

Quantification of TLR mRNA expression

The effects of M. bovis, S. aureus, and E. coli on TLR mRNA
expression in bMECs were evaluated (Fig. 5). Heat-killed M.
bovis induced a significant (p < 0.05) increase in TLR2 mRNA
expression in bMECs at an MOI of 1,000 for 6 h. Significant
increases in TLR2 mRNA expression were also detected in
bMEC:s stimulated with live S. aureus at an MOI of 1,000 for 24
h (p < 0.05), live E. coli at MOIs of 10 and 100 for 6 h (p <
0.01), and heat-killed E. coli at MOIs of 10 and 100 for 6 h (p <
0.01) and an MOI of 1,000 for 12 h (p < 0.01).

Heat-killed M. bovis induced a significant (p < 0.05) increase
in TLR4 mRNA expression in bMECs at an MOI of 1,000 for 12
h. Significant increases in TLR4 mRNA expression were
observed in bMECs stimulated with live S. aureus at an MOI of
10 for24h (p < 0.01), live E. coli at MOlIs of 10, 100, and 1,000
for6h(p < 0.01,0.01, and 0.05, respectively) and MOIs of 10
and 100 for 12 h (p < 0.01), and heat-killed E. coli at MOIs of
10, 100, and 1,000 for 6 h (p < 0.01, 0.01, and 0.05, respectively)
and MOIs of 10, 100, and 1,000 for 12 h (p < 0.05, 0.01, and
0.01, respectively).

Discussion

Transcriptome analysis revealed that KDM4D gene expression
significantly decreased in bMECs stimulated with live M. bovis.
KDMA4D has been reported as one of a group of demethylases
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Fig. 4. Expressions of antimicrobial peptide mRNA in bovine mammary epithelial cells (0MECs) stimulated with Mycoplasma bovis,
Staphylococcus aureus, or Escherichia coli; bMECs were incubated with M. bovis, S. aureus, or E. coli, live or heat-killed, at
multiplicities of infection of 10 (), 100 (L), and 1,000 (@) for 6, 12, and 24 h. Expressions of lactoferrin (Lf) and B-defensin mRNA
were determined by real-time polymerase chain reaction and expressed as fold increases, as described in Materials and Methods
section. The data are expressed as mean + SE values from five independent experiments. Significant differences (*p < 0.05 or **p

< 0.01) compared with unstimulated bMECs.

[12], but the protein’s function in bMECs stimulated with M.
bovis is unclear. Zhu et al. [26] reported that KDM4D regulates
histone modification for activation of inflammatory gene
transcription in dendritic cells and is required for NF-xB dependent
inflammatory cytokine gene expression. In this study, we
confirmed that live M. bovis did not affect mRNA expressions
of proinflammatory cytokines (IL-1f, IL-6, and TNF-¢) in
bMECs. These results suggest that the decrease in KDM4D

Journal of Veterinary Science

mRNA is related to the unchanged mRNA levels of
proinflammatory cytokines in bMECs stimulated with live M.
bovis. However, heat-killed M. bovis induced a significant
increase in proinflammatory cytokine mRNA expression. In
this study, we observed that KDM4D mRNA expression tended
to increase following stimulation with heat-killed M. bovis.
Although further studies are required to elucidate this difference
in the response to live and heat-killed M. bovis, the difference
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Fig. 5. Expressions of TLR mRNA in bovine mammary epithelial cells (0MECs) stimulated with Mycoplasma bovis, Staphylococcus
aureus, or Escherichia coli; bMECs were incubated with M. bovis, S. aureus, or E. coli, live or heat-killed, at multiplicities of infection
of 10 (A), 100 ([1), and 1,000 (@) for 6, 12, and 24 h. Expressions of toll-like receptor (TLR) 2 and TLR4 mRNA were determined by
real-time polymerase chain reaction and expressed as fold increases, as described in Materials and Methods section. The data are
expressed as mean + SE values from five independent experiments. Significant differences (*p < 0.05 or **p < 0.01) compared with

unstimulated bMECs.

may be related to a factor secreted by live M. bovis that suppresses
the host’s immune response. Our results suggest that KDM4D is
an important factor in the regulation of proinflammatory cytokine
mRNA expression in bMECs stimulated with M. bovis.

We did not observe changes in IL-8 mRNA expression in
bMECs stimulated with M. bovis. We have already reported that
IL-8 mRNA expression is increased in peripheral blood
mononuclear cells (PBMCs) stimulated with live or heat-killed

M. bovis and is similar to expression levels observed following
stimulation of PBMC with S. aureus or E. coli [8]. Our results
suggest that IL-8 mRNA expression is completely different in
bMEC:s that it is in PBMC:s following stimulation with M. bovis.
IL-8 is one of the chemokines involved in recruitment of
neutrophils from blood to the mammary gland and is related to
the enhanced bactericidal activity of neutrophils [1]. It has been
reported that a marked increase in somatic cell counts in milk
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was observed in mycoplasmal mastitis [ 11]. Our results suggest
that bMEC:s are not a major factor in IL-8-regulated neutrophil
recruitment or bactericidal function in mycoplasmal mastitis.

Lf and B-defensin mRNA expressions in bMECs stimulated
with live or heat-killed M. bovis were similar to those of
unstimulated bMECs. In contrast, expression levels in bMECs
stimulated with live S. aureus, live E. coli, or heat-killed E. coli
were clearly increased; results that are consistent with those in
previous reports [6,9]. Both Lf and 3-defensin have bactericidal
activity against E. coli and S. aureus [21,25], but antimicrobial
peptide activity against M. bovis has not been fully examined.
Further study will be needed to clarify whether Lf and
[-defensin are involved in the elimination of M. bovis.

Significant increases in TLR2 and TLR4 mRNA expression
in bMECs were observed following stimulation with heat-killed
M. bovis, but not with live M. bovis treatment. TLR2 and TLR4
are important receptors for recognition of Mycoplasma spp. in
the immune response [22,23]. Our results suggest that live M.
bovis inhibits TLR2 and TLR4 mRNA expressions in bMECs,
an effect that may be related to immune evasion by M. bovis.

Interestingly, cytokine, chemokine, antimicrobial peptide, and
TLR mRNA expressions in bMECs stimulated with S. aureus or
E. coli were markedly higher than the expressions following
stimulation with M. bovis. We have not yet clarified the mechanism
responsible for these differences, but we do speculate that these
differences are related to the characteristics of mycoplasmal
mastitis.

In conclusion, M. bovis weakly affected transcriptional
expressions in bMECs, and the observed effects on expression
levels were different from those induced by E. coli or S. aureus.
Live M. bovis may induce suppression of the immune response
in bovine cells. For control of M. bovis infection, further studies
of host immune responses will be needed.
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