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Mycoplasma infections cause respiratory tract damages and atypical pneumonia, resulting in serious problems in
humans and animals worldwide. It is well known that laboratory inbred mouse strains show various suscept-
ibility to Mycoplasma pulmonis (M. pulmonis) infection, which causes murine respiratory mycoplasmosis. In this
study, we aimed to demonstrate the difference in cellular immune responses between resistant strain, C57BL/
6NCrSlc (B6) and susceptible strain, DBA/2CrSlc (D2) after challenging M. pulmonis infection. D2 mice showed
higher amount of bacterial proliferation in lung, higher pulmonary infiltration of immune cells such as neu-

trophils, macrophages, and lymphocytes, and higher levels of interleukin (IL)-1f, IL-6, IL-17A, and tumor ne-
crosis factor-a in bronchoalveolar lavage fluid than did B6 mice. The results of this study suggest that D2 mice
are more susceptible than B6 mice to M. pulmonis infection due to a hyper-immune inflammatory response.

1. Introduction

Mycoplasma infection is a cause of respiratory disease in humans
(Waites and Talkington, 2004) and animals. Mycoplasmosis in humans
accounts for 20 to 40% of all cases of pneumonia patients in the United
States (Waller et al., 2014) and causes macrolide resistance problems
(Diaz et al., 2015; Pereyre et al., 2016). In livestock, mycoplasma re-
spiratory infections also causes a huge problem and make a significant
economic loss in many countries (Boettger and Dohms, 2006; Calcutt
et al., 2018; Luehrs et al., 2017). In addition, many kinds of animals can
be infected with mycoplasmas and receive the severe impact from the
infection.

Mycoplasma pulmonis (M. pulmonis), a pleomorphic bacterium
lacking a cell wall, is mainly implicated in murine respiratory myco-
plasmosis (Chawla et al., 2017; Ceola et al., 2016; Ferreira et al., 2008)
and can be transmitted by airborne droplet of nasopharyngeal secre-
tion. Mycoplasma infection in laboratory mouse colonies causes severe
problems to respiratory tract associated with rhinitis, otitis media,
laryngotracheitis, and bronchopneumonia, leading to significant affects
in the result of experiment (Davis et al., 1985). In terms of

histopathology, mycoplasma infections are recognized by the accumu-
lation of mononuclear and polynuclear cells along the respiratory air-
ways (Cartner et al., 1996; Davidson et al., 1988). Previous studies with
different inbred mouse strains showed various susceptibility to this
bacterial infection. For instance, infected C57BL/6 (B6) mice have
bacterial load in their lungs 100-100,000 times lower than infected
C3H mice (Cartner et al., 1995) as well as lower gross lung lesions and
lung histopathological lesions. However, the information mentioned
above was mainly investigated in B6, C3H and BALB/c mice (Davidson
et al., 1988; Hickman-Davis et al., 1997; Lai et al., 1996; Sun et al.,
2006). For DBA/2 (D2) mice very limited information is available and
cellular immune responses are unknown. The results from our pre-
liminary experiment among three inbred mouse strains, B6, C3H and
D2 mice exhibited that B6 and D2 mice were the most different in
symptoms caused by M. pulmonis infection. Therefore, it is critical to
determine the mechanisms of immune responses that contribute to
mycoplasmosis. This information may contribute to the development of
new vaccines and comprehensive knowledge for mycoplasmosis. Both
of innate and adaptive immune responses are associated with disease
severity and susceptibility between the strains of mice (Davis et al.,
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1985). Inflammatory cellular and humoral responses have been used to
investigate the host-pathogen interactions in various microbes
(Cardona et al., 2003; Lan et al., 2016; Simon et al., 2011; Szczepanek
et al., 2012). Differences in the response of immune cells and cytokines
may be attributed to resistance or susceptibility in mice to mycoplasma
infection.

Thus, in the current study, we examined the cellular immune re-
sponses by using two inbred mouse strains, B6 (resistant) and D2
(susceptible), to exhibit the profiling of the infection by observing
disease-associated phenotypes such as lung histopathological lesions,
propagation of bacteria in lung, lung cytological changes, cytokines
levels in bronchoalveolar lavage fluid (BALF), and areas of lymphoid
clusters (LCs) in mediastinal fat tissues (MFTs). Furthermore, we per-
formed quantitative trait locus (QTL) analysis using these infected
phenotypes as QTs to dissect genetic factors regulating the difference
between these two inbred strains. We found that D2 mice constantly
had much greater number of CFU of M. pulmonis in their lung, greater
severity of lung lesions, higher pulmonary infiltration of immune cells,
and higher levels of cytokines in BALF. This study first examined and
compiled the cellular immune responses from M. pulmonis infection in
B6 and D2 mice. The results suggest that D2 mice are more susceptible
than B6 mice to M. pulmonis infection due to a hyper-immune in-
flammatory response.

2. Materials and methods
2.1. Mice

Specific pathogen-free (SPF) 8-week-old female and male C57BL/
6NCrSlc (B6) and DBA/2CrSlc (D2) mice were purchased from Japan
SLC (Hamamatsu, Japan). All animals were kept under SPF conditions
and infection experiments were conducted in the bio-safety level 3 fa-
cilities with sterile food and water ad libitum. Animal experimentation
was conducted under the AAALAC International-accredited program
and animal use protocol was approved by the President of Hokkaido
University after review by the Institutional Animal Care and Use
Committee.

2.2. Bacteria and infection

The CIEA-NH strain of M. pulmonis was kindly provided by Dr.
Nobuhito Hayashimoto, Central Institute for Experimental Animals,
Japan. Mycoplasma broth was made as follows; 21 g of mycoplasma
broth base (BBL Microbiology Systems, Cockeysville, MD, USA), 5 g of
D (+) -glucose (Wako Pure Chemical Industries, Ltd., Osaka, Japan),
and 20 mg of phenol red (Wako) were dissolved with 750 ml of distilled
water, autoclaved for 15 min, allowed to cool, and then 150 ml of heat-
inactivated horse serum (GIBCO Laboratories, Grand Island, NY, USA),
100 ml of 25% fresh yeast extracts (Oriental Yeast Co., Ltd., Tokyo,
Japan), 10 ml of 2.5% thallium acetate (Wako), and 1000,000 units of
ampicillin sodium salt (Sigma Chemical Company, Saint Louis, MO,
USA) were added. After propagating M. pulmonis in the above broth, the
stock cultures were divided into 1-ml aliquots and frozen at —80°C
until used. Mice from each strain (n = 5-6 per time point) were in-
oculated intranasally with 6.0 x 10°CFU of M. pulmonis in 30pl of
inoculum after anesthetization with inhalation of isoflurane (Escain®;
Pfizer Co., Ltd., Tokyo, Japan) followed by intraperitoneal injection of
the mixture of 0.75 mg/kg body weight (b.w.) medetomidine (Domitor®
Nippon Zenyaku Kogyo Co., Ltd., Koriyama, Japan), 4.0 mg/kg b.w.
midazoram (Dormicum®, Astellas Pharma Inc., Tokyo, Japan), and
5.0 mg/kg b.w. butorphanol (Vetorphale®, Meiji Seika Pharma, Ltd.,
Tokyo, Japan) (Kawai et al., 2011). Control mice from each strain
(n = 5 per time point) received the same volume of mycoplasma broth
alone after the same anesthetization. Mice were daily observed clinical
signs, body temperature, and body weight. The samplings were per-
formed at 7, 14, and 21 days post infection (d.p.i.) after euthanizing
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mice by inhalation of overdose of isoflurane (Escain®; Pfizer Co., Ltd.,).
2.3. Quantitative culture of M. pulmonis in lungs of infected mice

Mice were euthanized at the indicated time points. Lungs were re-
moved aseptically and homogenized in 1 ml of mycoplasma broth with
glass homogenizers (Sankyo Co., Ltd., Tokyo, Japan). Ten-fold serial
dilutions were prepared and an aliquot of 10 pl of each dilution was
plated onto PPLO agar medium, which was made by dissolving 35 g of
PPLO agar (Becton Dickinson and Company, Sparks, MD, USA) with
750 ml of distilled water, autoclaved for 15 min, allowed to cool at
52-54°C, and then 150 ml of heat-inactivated horse serum (GIBCO),
100 ml of 25% fresh yeast extracts (Oriental Yeast), and 1000,000 units
of ampicillin sodium salt (Sigma) were added. The total number of
colony-forming unit (CFU) per lung from each animal was determined
under a stereomicroscope after incubation for 10 days at 37 °C in an
incubator with 5% CO..

2.4. Determination of bacterial load by quantitative PCR

The bacterial replication level in the lung was determined by
quantitative real-time PCR. Briefly, mice from each group were sacri-
ficed at 7, 14, and 21 d.p.i. and whole lungs were collected by aseptic
technique. The individual lung from each mouse was homogenized in
1 ml of mycoplasma broth with glass homogenizers (Sankyo Co., Ltd.).
The homogenized lung suspension (300 pl) was used for DNA extrac-
tion. DNA was extracted by adding 500 pl of lysis buffer [10 mM Tris
(Wako), 10 mM ethylenediaminetetraacetic acid (EDTA)-2Na (Wako),
150 mM NaCl (Wako), and 0.1% sodium dodecyl sulfate (Wako)] and
5l of 10 mg/ml proteinase K (Invitrogen, Carlsbad, CA, USA) and in-
cubating for 3-4h at 54 °C for lysis. To detect M. pulmonis DNA, total
DNA was used as a template with PCR primers, which were designed
based on the conserved spacer region encompassing the 16S and 23S
rRNA gene of M. pulmonis (Harasawa et al., 2005; Loganbill et al., 2005;
Takahashi-Omoe et al., 2004). The primers used were FN2 (5-ACCTC
CTTTCTACGGAGTACAA-3) and R2 (5-GCATCCACTACAAACTCTT-3%)
(Sung et al., 2006). Quantitative real-time PCR was performed using the
FastStart Essential DNA Green Master (Roche Diagnostics Corporation,
Indianapolis, IN, USA) and LightCycler96 instrument (Roche). A reac-
tion mixture (10 ul) contained 1 pM of each primer, 5pul of FastStart
Essential DNA Green Master (Roche), and 50 ng of genomic DNA tem-
plate. Amplification conditions consisted of 45 cycles of denaturation at
95°C for 10s, annealing at 60 °C for 10s, and extension at 72 °C for
30s. The products were analyzed with the accompanying software and
the amount of bacterial DNA in each sample was calculated using a
standard curve, which was plotted serial ten-fold dilutions of template
with known concentration.

2.5. Histopathological analysis

Whole lungs and mediastinal fat tissue (MFT) from individual
mouse were removed, and then fixed in 4% paraformaldehyde to inflate
and preserve lung architecture. After overnight fixation, specimens
were washed in distilled water followed by dehydrated in graded al-
cohol and embedded in paraffin. The paraffin-embedded specimens
were sectioned at a thickness of 3 um, and subsequently deparaffinized,
rehydrated, and stained with hematoxylin and eosin (H&E) to observe
under a light microscope and examined lesion severity. For lung, ten
sections were cut and five fields were randomly observed in each slide.
The degree of distribution and severity of inflammatory infiltration/
structural alterations were determined on the basis of the characteristic
lesions of mycoplasmosis examined around small airways and adjacent
blood vessels. Scores (scale of 1 to 6) refer to normal, 1; slight/mild, 2;
moderately, 3; severe, 4; and highly severe, 6. Pathological scores for
the lung sections were averaged and determined as the pathological
index.
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Immunohistochemical analysis for Grl (Ly-6G) and Ibal was per-
formed in lung tissue of both B6 and D2 mice to detect neutrophils and
macrophages, respectively. Immunohistochemical procedures were
performed according to Elewa et al., 2010. Briefly, following depar-
affinization, heat-induced antigen retrieval was applied using 0.1%
pepsin in 0.2ml HCI at 37°C for 5min and 10 mM citrate buffer
(pH 6.0) at 105 °C for 20 min. Then, following endogenous peroxidase
blocking with 0.3% hydrogen peroxide in absolute methanol at room
temperature for 20 min, the sections were incubated with 10% normal
goat serum for 1h at room temperature. Then the sections were in-
cubated overnight with the specific primary antibody, rat anti-Grl (R
and D system, Minneapolis, USA) or rabbit anti-lbal (Wako, Osaka,
Japan), diluted in phosphate-buffered saline (pH 7.2) (PBS) containing
1.5% bovine serum albumin, at dilution of 1:800 or 1:1,200, respec-
tively. Then the sections were incubated with biotin-conjugated sec-
ondary antibody, goat-anti-rat IgG for rat anti-Grl or goat-anti-rabbit
IgG for rabbit anti-Ibal, for 1 h at room temperature, then with strep-
tavidin-peroxidase for 30 min. Between the various steps, sections were
thoroughly rinsed in PBS 3 times for 5 min each. The immunopositive
reactions were visualized with 3,3’-diaminobenzidine-H,0, solution for
2 min. Then the sections were washed in distilled water, lightly stained
with Mayer's hematoxylin for 30 s, dehydrated, and mounted. All sec-
tions were photographically captured using the BZ-X710 (Keyence,
Osaka, Japan).

For MFT, the light micrographs of H&E-stained MFT sections from
each mouse were scanned using a NanoZoomer-XR Digital slide scanner
(Hamamatsu Photonics K.K., Hamamatsu, Japan). The area of lymphoid
cluster (LC) and the total areas of the mediastinal white adipose tissue
within the MFT were measured using NDP.view2 Viewing software
(ver. 2.6.13, Hamamatsu Photonics) and the ratio of LC area to total
MFT area was calculated.

2.6. Brochoalveolar lavage fluid (BALF) collection and cytology

Mice were euthanized by inhalation of overdose of isoflurane at the
indicated time point and BALF was collected as described previously
(Daubeuf and Frossard, 2012). Briefly, a sterile 20-gauge animal
feeding needle (Fuchigami Instruments Co., Ltd., Kyoto, Japan) was
inserted through the mouth and larynx into the lumen of the trachea.
The lungs were then slowly lavaged in situ with three separated 300 pl
of sterile PBS, pH 7.2. The BALF was centrifuged at 300 x g at 4 °C for
5min, and then the supernatants were collected and stored at —80 °C
for the cytokine analysis. The cell pellet was suspended in 1.5ml of
distilled water, placed for 10 s, and then added 500 ul of 0.6 M KCl and
mixed by inverting. Suspensions were centrifuged at 300 X g at 4 °C for
5min and the supernatants were discarded. The cell pellets were re-
suspended by adding 500 pl of sterile saline (0.9% NaCl) with 2.6 mM
EDTA and mixed by inverting, and then total count of viable leukocytes
was determined by using a heamocytometer (Erma Inc., Tokyo, Japan).
To determine differential cell count, 200 pl of the BALF cell suspensions
were loaded onto a Shandon™ EZ Single Cytofunnel (Thermo Fisher
Scientific, Cheshire, UK) and centrifuged for 10 min at 108 x g. Finally,
the slides were dried at room temperature and stained with a Diff-Quick
Staining Kit according to the manufacture's protocol.

2.7. Cytokine analysis

A Bio-Plex Pro Mouse Cytokine Th17 Panel A 6-Plex (Bio-Rad,
Hercules, CA, USA) was used to evaluate the cytokine levels in BALF
supernatant. Interferon (IFN)-y, interleukin (IL)-1p, IL-6, IL-10, IL-17A
and tumor necrosis factor (TNF)-a were measured according to the
manufacture's protocol. Concentration of each cytokine was determined
and calculated using a beads assay on the Bio-Rad Bio-Plex 200 System
(Bio-Rad) and Bio-Plex Manager version 6.0 software, respectively.
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2.8. Genotyping of microsatellite markers

Extraction of genomic DNA from tail clips was performed by the
standard methods. A total of 125 microsatellite markers showing
polymorphisms between B6 and D2 mice were used for genetic study as
described previously (Simon et al., 2009). The map positions of mi-
crosatellite loci were based on information from the Mouse Genome
Informatics (MGI; http://www.informatics.jax.org). PCR was carried
out on a Bio-Rad PCR thermal cycler (iCycler, California, USA) with the
cycling sequence of 95 °C for 1 min (one cycle), followed by 35 cycles
consisting of denaturation at 95 °C for 30s, primer annealing at 58 °C
for 30's, and extension at 72 °C for 30 s. PCR mixture and enzymes (Ex
Taq DNA Polymerase) were purchased from TaKaRa (Otsu, Japan). The
amplified samples were electrophoresed with 10-15% polyacrylamide
gel (Wako, Osaka, Japan), stained with ethidium bromide, and then
photographed under an ultraviolet lamp.

2.9. QTL analysis

One hundred twenty one F5(B6 x D2) mice were produced, infected
with M. pulmonis at 8 weeks old, and measured body weight change,
CFU of M. pulmonis in the lung, and total cells, neutrophils, macro-
phages, and lymphocytes in infiltrated in BALF as QT at 21 d.p.i. QTL
analysis was performed with Map Manager QTXb20 software program
(Manly et al., 2001). In this program, linkage probability was examined
by interval mapping. For each chromosome, the likelihood ratio sta-
tistic (LRS) values were calculated by 5000 random permutations of the
trait values relative to genotypes of the maker loci and converted to
logarithm of the odds (LOD) score.

2.10. Statistical analysis

The results of the various groups were compared by using an ana-
lysis of variance (ANOVA). We used Scheffe's post-hoc test for multiple
comparisons when a significant difference was observed by ANOVA
(P < 0.05). All values were represented as mean + standard error
(SE). Values of P < 0.05 were considered statistical significance.

3. Results

3.1. Disease severity and development of lung pathology in infected B6 and
D2 mice

To characterize the development of mycoplasmosis in B6 and D2
mice, age- and sex-matched mice of each strain were infected with M.
pulmonis, and then body weight loss and histological change were
evaluated (n = 5-6 per time point) at 7, 14, and 21 d.p.i. As a control
group, mice were inoculated with mycoplasma broth only. M. pulmonis-
infected D2 mice showed significant decline in weight (P < 0.05) at 7
d.p.i. compared to infected B6 mice as well as broth-inoculated control
mice (Fig. 1). Namely, D2 mice exhibited severe body weight loss,
nearly 30% from the initial body weight.

In the pathological examination, lungs were collected from infected
B6, D2, and broth-inoculated control mice at 7, 14, and 21 d.p.i.
Pathological changes were examined through H&E staining of lung
sections. D2 mice but not B6 mice distinctly showed gross lung lesions
following M. pulmonis infection. The gross lesions in infected D2 mice
showed moderate to severe pulmonary hemorrhage and consolidation
(Fig. 2). The histopathological lesion was suppurative bronchopneu-
monia with squamoid changes of the respiratory epithelium. Prominent
cuffing of bronchi, bronchioles and blood vessels by lymphoid cells as
well as parenchymal lesions consisting of alveoli filled with neutrophils
and macrophages were common in most of infected D2 mice at all time
points (Fig. 3A, B, and C). On the other hand, infected B6 mice showed
limited lesions with a few lymphoid cells around the vessels and air-
ways. Infected D2 mice had extensive lymphoid infiltrates such as
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Fig. 1. Body weight changes in infected female B6, infected female D2, and
control female mice after M. pulmonis infection. The time course of changes was
shown in percentage of body weight loss in mice (n = 5-6 per group) infected
with 6 x 10° CFU of M. pulmonis. *, ** and *** indicates P < 0.05, P < 0.01,
and P < 0.005, respectively.

macrophages and neutrophils around bronchi, and mixed inflammatory
response in alveoli (Fig. 3B and C). These differences included increased
exudate, epithelial hyperplasia, and lymphoid hyperplasia in the lungs.
There was no difference observed between males and females in both
strains (Supplementary Figs. 1 and 2).

The inflammatory dynamics of the pulmonary epithelium were in-
vestigated by comparing lung histopathological changes after bacterial
infection. The representative histopathology sections taken from each
group of mice demonstrated the relative degree of pathological changes
that developed in the lungs after the infection. The lung pathological

Control B6

7 d.p.i.

21 d.p.i.

Control D2
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index scores were significantly higher (P < 0.01) in infected D2 mice
than in infected B6 mice at all time points (Fig. 3D) and there was no
sexual difference (Supplementary Fig. 2).

The stereomicroscopic observation of the MFTs were examined. The
result from all mice showed dark-stained regions that varied in shape
and size and these regions were confirmed as LCs by subsequent his-
tological examination (Fig. 4A). Especially, the MFTs of infected B6
mice had a smaller number of LCs compared with infected D2 and
broth-inoculated control mice at 14 and 21 d.p.i. These observations
were confirmed by image viewing. The ratios of LC area to total MFT
area in infected B6 mice were not significantly higher than infected D2
mice at 7 d.p.i. but significantly lower (P < 0.005) than infected D2
mice at 14 and 21 d.p.i (Fig. 4B).

3.2. Cytology in BALF of infected B6 and D2 mice

Cytology was performed using the suspension of BALF samples from
each time point. The number of infiltrated cells was higher in infected
D2 than in infected B6 and broth-inoculated control mice at all time
points (Fig. 5). After counting the number of each cell type, it was re-
vealed that the total cell counts in infected D2 mice were significantly
higher (P < 0.005) than in infected B6 and broth-inoculated control
mice at all time points (Fig. 6A). For the differential cell count, infected
D2 mice had a higher population of neutrophils (Fig. 6B) and macro-
phages (Fig. 6C) compared with infected B6 (P < 0.05) and broth-in-
oculated control mice (P < 0.01). However, lymphocyte population
was not significantly different among infected B6, infected D2, and
broth-inoculated control mice (Fig. 6D).

Infected B6 Infected D2

Fig. 2. Gross lung lesions in infected female and control female mice after M. pulmonis infection. Results are shown as representatives at each time point (n = 5-6 per
group) of lungs from control B6 (a-c), control D2 (d-f), infected B6 (g-i), and infected D2 (j-1) mice. Infection was performed using 6 x 10° CFU of M. pulmonis.
Infected D2 mice showed severe pulmonary hemorrhage and consolidation (red circles in j-1) at all time points. In contrast, no gross lung lesions were observed in
control B6, control D2, and infected B6 mice. All scale bars indicate10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 3. (A) Histopathological observation of lung sections in infected female and control female mice after M. pulmonis infection. Results are shown as representatives
of light microscopic images of H&E-stained lung sections collected from control B6 (a-c), control D2 (d-f), infected B6 (g-i), and infected D2 (j-1) mice (n = 5-6 per
group) at the indicated time points after infection with 6 X 10° CFU of M. pulmonis. Infected D2 mice (j-1) showed extensive lymphoid infiltration around bronchi,
neutrophils in lumen of airways, and mixed inflammatory response in alveoli. Infected B6 mice (g-i) showed lesions limited to a few lymphoid cells around the vessels
and airways. The lungs of control mice (a-f) showed mild lymphoid cell infiltration around the vessel and airways. All scale bars indicate 250 pm. (B)
Immunohistochemical staining of Ibal (macrophage marker) in the lung after two weeks of M. pulmonis infection. Infected D2 mice showed numerous Iba-positive
cells (stained brown). All scale bars indicate 100 pm. (C) Immunohistochemical staining of Grl (neutrophil marker) in the lung after two weeks of M. pulmonis
infection. Infected D2 mice showed numerous Grl-positive cells (stained brown). All scale bars indicate 30 um. (D) Lung pathological index score in infected female
B6, infected female D2, and control female mice after M. pulmonis infection. The histogram showed the pathological index score of lung lesions by H&E staining in
each group at the indicated time points. Results are expressed as the mean + SE. * indicates P < 0.01. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

A Control B6 Control D2 Infected B6 Infected D2

M Infected B6
Infected D2
@ Control B6
O Control D2

Days post infection

Fig. 4. (A) Histological features of LCs in MFT in infected female and control female mice after M. pulmonis infection. Representative light micrographs of H&E-
stained MFT sections of control B6 (a-c), control D2 (d-f), infected B6 (g-i), and infected D2 (j-1) mice (n = 5-6 per group) collected at the indicated time points after
infection with 6 X 10° CFU of M. pulmonis. The accumulation of mononuclear cells is visible in the MFT. Larger areas of LCs are visible in infected D2 mice (j-I)
compared with infected B6 (g-i) and control mice. All scale bars indicate 500 um. (B) Percentage of LC area in the total MFT area in the H&E-stained sections in
infected female B6, infected female D2, and control female mice after infection with 6 x 10° CFU of M. pulmonis. Results are expressed as the mean values of the ratio
in the experimental groups. ** and *** indicate P < 0.01 and P < 0.005, respectively. NS; not significantly different.

3.3. Quantification of bacteria in lungs of infected B6 and D2 mice of mice. There were significant differences in the number of bacteria
recovered from the lung between infected B6 and D2 mice (Fig. 7A). At

To determine whether the burden of infection corresponded with 7 and 14 d.p.i., infected D2 mice had higher (P < 0.01) CFU per lung
disease severity, the numbers of bacteria were determined in the lungs 10> to 10*-fold more than infected B6 mice. However, at 21 d.p.i., the
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Fig. 5. Cell cytology slides from BALF in infected female and control female mice after M. pulmonis infection. Results are shown as representative photomicrographs
of Diff-Quick- stained cytospin slides of control B6 (a-c), control D2 (d-f), infected B6 (g-i), and infected D2 (j-1) mice (n = 5-6 per group) at the indicated time points
after infection with 6 X 10° CFU of M. pulmonis. The accumulation of mononuclear cells is visible in the slide. More inflammatory cells infiltrated are visible in
infected D2 mice (j-1) compared with infected B6 (g-i) and control mice. All scale bars indicate 150 pm.

CFU per lung was not statistically different between infected B6 and D2
mice. Next, we determined the quantity of M. pulmonis DNA in lung by
quantitative real-time PCR. Infected D2 mice also showed higher
(P < 0.01) amount of bacterial DNA in lung than infected B6 mice
(Fig. 7B). These results affirmed that the D2 mouse was the susceptible
strain to M. pulmonis infection. The number of bacteria recovered from
lung tissues was not different with the sex at the indicated time points
(Supplementary Fig. 3).
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3.4. Cytokine level in BALF of infected B6 and D2 mice

To exhibit the inflammatory response in lung to the mycoplasma
infection, we measured cytokine levels in the supernatant of BALF. The
infection induced the expression of pro- and anti-inflammatory cyto-
kines in the lung (Fig. 8). At 7 d.p.i., IL-1j3, IL-6, and TNF-a levels in
infected D2 mice were significantly higher (P < 0.05) than in infected
B6 mice. IL-17A level in infected D2 mice was higher with high
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Fig. 6. Total and differential white blood cell counts in BALF in infected female B6, infected female D2, and control female mice after M. pulmonis infection. (A), total

cells; (B), neutrophils; (C), macrophages; and (D), lymphocytes. Results are expressed as the mean cell counts of the data (n = 5-6 per group).

* %% and *** indicate

P < 0.05, P < 0.01, and P < 0.005, respectively. NS; NS; not significantly different.
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Fig. 7. Amounts of M. pulmonis in lungs of infected female B6, infected female D2, and control female mice after M. pulmonis infection. (A) CFU of M. pulmonis in the
culture of whole lung homogenates. (B) M. pulmonis DNA concentrations in the homogenized lungs determined by real-time PCR. * indicates P < 0.01.
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Fig. 8. Pulmonary cytokine levels in infected female B6, infected female D2, and control female mice after M. pulmonis infection. Cytokine concentrations in BALF
were determined by the Luminex bead assay. Results are expressed as the mean values of samples (n = 5-6 per group). Marks of the columns are in common with
each small figure. *, **, and *** indicate P < 0.05, P < 0.01, and P < 0.005, respectively. NS; not significantly different.
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significance (P < 0.005) compared with infected B6 mice. Re-
markably, at 14 d.p.i. IL-6, IL-17A, and TNF-a levels were significantly
higher (P < 0.01) in infected D2 mice compared with infected B6
mice. In contrast, the level of IL-1f3 in infected B6 mice was significant
higher (P < 0.05) than in infected D2 mice. Interestingly, at 21 d.p.i.
TNF-a and IL-17A levels in infected D2 mice were significantly higher
(P < 0.05 and P < 0.01, respectively) than infected B6 mice. More-
over, the IL-17A level exhibited the highest level at 7 d.p.i. and declined
at 14 and 21 d.p.i. The results confirmed that specific cytokine levels
correlate with the bacterial load in lung of infected mice. Nevertheless,
in this analysis we did not observe any significant elevation of IL-10 and
IFN-y in infected B6 and D2 mice and found that the level of both cy-
tokines was similar to the normal baseline level of broth-inoculated
control mice (Fig. 8).

3.5. QTL analysis

To dissect genetic factors regulating susceptibility or resistance to
the M. pulmonis infection between B6 and D2 mice, we performed QTL
analysis. We selected body weight change, CFU of M. pulmonis in the
lung, and total cells, neutrophils, macrophages, and lymphocytes in
infiltrated in BALF as QTs. Detected QTLs were different each other
dependent on QTs used (Fig. 9 and Supplementary Fig. 4). Only when
used body weight change as QT, we obtained a significant QTL on
chromosome 4 (Fig. 9). These data suggest that the difference in each
phenotype between infected B6 and D2 is attributed to different genetic
factors.

Infection, Genetics and Evolution 73 (2019) 55-65

4. Discussion

The host-pathogen interplay is related to many factors. The genetic
background of the animal is one of the important factors that control an
immune response. In several infectious diseases, it has been demon-
strated that the different strains of animals show different susceptibility
caused by different immune responses (Cardona et al., 2003; Pica et al.,
2011; Simon et al., 2011; Wilson et al., 2007). In laboratory rodents,
distinct difference in the response to the bacterial as well as viral in-
fection was found. The B6 mouse was known to be resistant to the
Sendai virus infection (Simon et al., 2009) as well as mycoplasma in-
fection (Davis et al., 1985). On the other hand, the D2 mouse is sus-
ceptible to the Sendai virus and mycoplasma infection. Various ex-
periments of M. pulmonis infection using susceptible and resistant
strains of mouse were performed. Previous study showed that B6 and
D2 mice were resistant and susceptible strains to mycoplasma infection,
respectively (Sun et al., 2006). However, the mechanism of the sus-
ceptibility and resistance is still unclear. Furthermore, little is known
about the profiling of immune responses. In this study we performed
the infection experiment to display the immune responses to the in-
fection including body weight loss, histopathology of lung, bacterial
load in lung tissues, cell cytology, and cytokine levels in BALF as well as
histology of MFTs. Furthermore, we performed QTL analysis to dissect
genetic factors controlling the difference in these phenotypes.

In the present study, we evaluated the disease severity in both
susceptible D2 and resistant B6 mice after M. pulmonis infection. There
was a clear association between disease pathogenesis and the quantity
of bacteria recovered from lungs. The susceptible D2 mice distinctly

Fig. 9. QTL scan showing LOD score and genome positions
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expressed gross lung lesions and histologic lung lesions as determined
by macroscopic and microscopic examinations after the infection. In
contrast, there was a very limited histological lesion in resistant B6
mice. Our results showed that the period of pulmonary immune re-
sponse to M. pulmonis infection in D2 mice was early and intense (Fig. 2
and Fig. 3) consistent to the result of cytokine levels and bacterial load
in lung as reported previously (Cartner et al., 1996; Sun et al., 2006).
The results from the CFU counting were highly correlated with data
obtained by quantitative real-time PCR. The number of M. pulmonis
recovered from lungs in D2 mice was 1000 times higher than that from
B6 mice (Fig. 7). Bacterial burden may cause proinflamatory cytokine
induction and result in the strain difference in the severity of the in-
fection. M. pulmonis infection strongly induced cytokines such as IL-1f3,
IL-6, TNF-a with their peak observed at 14 d.p.i., and IL-17A level with
its peak at 7 d.p.i., while other cytokines did not differ significantly
between infected and control mice (Fig. 8). It has been reported that IL-
1B, IL-6, and TNF-a augment IL-17A production (Miossec et al., 2009;
Chen et al., 2013). Our results are consistent to these previous reports.
The elevation of these cytokines may contribute to the exacerbated
disease observed in D2 mice. The high expression of these cytokines
was consistent with the recruitment of inflammatory cells, including
neutrophils, macrophages, and lymphocytes to the lung of infected
mice. The over induction of these cytokines in D2 mice might cause the
over response to the infection and resulted in excessive inflammatory
reaction that can be observed in the histopathological sections of lung
tissues (Fig. 3). Interestingly, B6 mice showed significant increase in IL-
1B level higher than D2 mice at 14 d.p.i. (Fig. 8), and it may result in
efficient control of inflammation by reducing cytokine production
(Vogels et al., 1994, 1995) and blocking of the bacterial growth in lung
(Sahoo et al.,, 2011). In D2 mice the number of macrophages and
neutrophils in lung was increased and higher than that of B6 mice
(Fig. 6), but it was ineffective to eliminate the bacteria as other bac-
terial infection (Wilson et al., 2007). This suggests that dysregulation of
macrophages and neutrophils and dysregulation of cytokine network in
D2 mice cause deficiency to remove invading bacteria. The histo-
pathological result showed that neutrophils infiltration caused damage
to the alveolar septa with the production of edema fluid during the
infection. The extensive exudate formation within alveoli could further
exacerbate the activity of neutrophils and macrophages.

One of the major functions of IL-17A is recruiting neutrophils to site
of inflammation (Michel et al., 2007). The elevation of IL-17A levels
during mycoplasma infection in D2 mice, but not B6 mice, is associated
with disease pathology, including the recruitment of pulmonary neu-
trophils (Fig. 6B), which has been also reported in other studies (Mize
et al., 2018). These results suggest that the function of IL-17A in the
immune response to mycoplasma may be different based on the genetic
background. The elevation of IL-17A exacerbates inflammation by re-
cruiting neutrophils into the airways during the infection (Park et al.,
2005; Okamoto Yoshida et al., 2010; Wonnenberg et al., 2016). It ap-
pears that neutrophil recruitment does not induce the recovery of my-
coplasmosis, instead worsens the inflammatory response in D2 mice.
Reducing inflammatory damage during mycoplasma infection by neu-
tralizing IL-17A (Patel et al., 2013; Liu et al., 2016) could serve as a
therapy to reduce lung damage during mycoplasma infection.

Our results also found that increase in LC area in MFT was one of the
traits that responded to the infection. The immune cells in the LCs
consist of mainly T cells and some B cells (Elewa et al., 2014). In normal
B6 mice the ratio of LC area to total MFT area were significantly higher
than normal D2 mice as shown in previous paper (Elewa et al., 2014)
and tended to be increased as increasing the age. However, in this study
we found that infected D2 mice showed the highest increase in the ratio
at 14 d.p.i. In contrast, the ratio in infected B6 mice was decreased after
7 d.p.i. (Fig. 6). This result was similar to the result in murine auto-
immune disease models (Elewa et al., 2015). The increase of the ratio
might be caused by over expression of cytokines that induce the pro-
liferation of immune cells in MFT area of D2 mice. For more
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understanding, we should identify cell types in these LCs to elucidate
their function that may be involved in the infection. However, we
suspect that these cells may not give any effects or advantages to re-
move the pathogen but release the cytokine to activate the excessive
leukocyte infiltration in the lung. Thus, further analysis should be
needed to identify the type of the inflammatory cells in the LCs of these
infected mice.

Finally, we performed QTL analysis to dissect genetic factors con-
trolling the difference in infected phenotypes. However, detected QTL
responsible for each phenotype was different each other (Fig. 9 and
Supplementary Fig. 4). This result suggests that the difference in each
phenotype is expressed under the control of respective genetic factor,
indicating that many different genetic factors are present between B6
and D2 mice. However, only significant QTL was detected on chro-
mosome 4. We have obtained a significant QTL on chromosome 4, when
we performed QTL analysis for resistance or susceptibility to Sendai
virus infection using body weight change as QT between B6 and D2
mice (Simon et al., 2009). Although peak position of the QTL is slightly
different, it is quite interesting to hypothesize that some genetic factors
on chromosome 4 may contribute to resistance or susceptibility to pa-
thogens causing pneumonia.

In summary, we have demonstrated that D2 mice are susceptible to
M. pulmonis, leading to the development of pneumonia, whereas B6
mice are resistant. The inability to control an effective lung defense
correlates with the lack of initial bactericidal activity in D2 macro-
phages, indicating that lung macrophages are important factor in the
first line of defense against the initial colonization. Additionally, in
response to M. pulmonis infection, D2 mice are capable of recruiting an
increased number of neutrophils to the lung, but fail to protect from the
mycoplasma proliferation. These combining factors lead to an increased
susceptibility as seen with increased lung colonization, neutrophil re-
cruitment, and severe body weight loss in D2 mice. Our study showed
similarity to the bacterial pneumonia and lung injury in humans. These
findings could facilitate better understanding in terms of host-pathogen
interaction and developing the therapeutics that minimize adverse re-
actions.
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