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PREFACE

Mycoplasma infection occurs worldwide and affects mainly in children to young adults
and many species of animals. It is spread by close personal contact and has a long incubation
period. The infection affects the upper and lower respiratory tracts. Cough, fever, and headache
may persist for several weeks. Until now, there is no certified vaccine for mycoplasma infection.
Treatment with erythromycin or tetracyclines is effective in reducing symptoms.

Mycoplasmas are spherical to filamentous cells with no cell-walls and presumably
evolved by degenerative evolution from Gram-positive bacteria. These bacteria are the smallest
self-replicating organisms with the smallest genomes (a total of about 500 to 1,000 genes).
Mycoplasmas are nutritionally very exacting. Most of them require cholesterol, a unique
property among prokaryotes. Mycoplasmas have surface antigens such as membrane proteins,
lipoproteins, glycolipids, and lipoglycans. Some of the membrane proteins undergo spontaneous
antigenic variation (39).

Certain Mycoplasma species can either activate or suppress host immune systems, and
they may use these activities to evade host immune responses. For example, some mycoplasmas
can inhibit or stimulate the proliferation of normal lymphocyte subsets, induce B-cell
differentiation and trigger the secretion of cytokines, including interleukin (IL)-1, IL-2, IL-4, IL-
6, tumor necrosis factor (TNF)-a, interferons, and granulocyte macrophage-colony stimulating
factor (GM-CSF) from B-cells as well as other cell types. Moreover, it was also found that M.
fermentans-derived lipids can interfere with the interferon (IFN)-y-dependent expression of
MHC class 1l molecules on macrophages. This suppression results in impaired antigen

presentation to helper T-cells in an experimental animal model. In addition, mycoplasmas are



able to secret soluble factors that can stimulate proliferation or inhibit the growth and
differentiation of immune competent cells. Mycoplasma species are known to secrete immune-
modulating substances. For example, immune cells are affected by spiralin, a well-characterized
mycoplasmal lipoprotein that can stimulate the in vitro proliferation of human peripheral blood
mononuclear cells and murine splenocytes. This stimulation of immune cells results in the
secretion of pro-inflammatory cytokines (TNF-a, IL-1 or IL-6) (33).

Various respiratory illnesses, such as chronic asthma, airway inflammation, chronic
pneumonia and other respiratory diseases, are known to be associated with mycoplasma
infections. For example, M. pneumonia is a common cause of upper respiratory infections, and
severe asthma is commonly associated with mycoplasma infections. Recent evidence has shown
that certain mycoplasmas, such as M. fermentans, are unusually invasive and found within
respiratory epithelial cells. Similar to certain chlamydia species, pulmonary macrophages appear
unable to kill pathogenic Mycoplasma species (33).

In laboratory mouse, relatively few genetic studies of susceptibility to M. pulmonis
infection have been performed (5, 11, 22, 23). Analysis of infected recombinant inbred strains
specifically identified a region on chromosome (Chr) 4, in which the C57BL/6 (B6) mouse strain
harbors a resistance allele, whereas C3H/He and BALB/c strains harbor a susceptibility allele
(22). Moreover, infected congenic B6 mice that harbored a BALB/c-derived Chr 4 interval had
increased mycoplasma loads in respiratory tract lavages and lung tissues compared to those of
infected B6 mice. This observation confirmed the location of resistance locus on Chr 4, termed
M. pulmonis resistance 1 (Mprl). However, these congenic B6 mice were still not as susceptible
to infection as BALB/c mice, suggesting that there are B6 resistant alleles at other loci not

identified by the recombinant inbred strain analysis (22).



M. pulmonisis a pathogenic agent responsible for numerous outbreaks of acute
respiratory infection in rodents. However, the mechanism by which primary atypical pneumonia
is caused by M. pulmonis is not clarified. Histopathologically, the bronchial and bronchiolar
lumina are characteristically filled with polymorphonuclear leukocytes, and their walls have a
mononuclear infiltrate with plasma cells (40). Therefore, it seems that other factors of the host
may be involved. Experimental infections using mouse to examine the role of the cell-mediated
immunity in the mycoplasmas were carried out mainly in B6, C3H and BALB/c mice (4, 5, 46).
In DBA/2 (D2) mice which showed significantly higher mortality rate than C3H and BALB/C
mice did (5), very limited information is available and the cell-mediated immunity to M.
pulmonis has not been revealed. In this study, the cellular immune response was examined by
using two inbred mouse strains, B6 (resistant) and D2 (susceptible), to exhibit the profiling of M.
pulmonis infection, including bacteriological, histopathological, and immunological studies.
Furthermore, quantitative  trait locus (QTL) analysis was performed using these
infected phenotypes as QTs to dissect genetic factors regulating the difference between these
two inbred strains.

This study first examined and compiled the cellular immune responsesto 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 inflammatory response. Moreover,
the study also elucidates infection mechanism of M. pulmonis and prevention of the infection
that may have significant implications for the discovery of novel possible therapeutic targets
and/or prognostic biomarkers complementing human studies, if new genes that contribute to the

susceptibility/resistance are identified.
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Comparison of cellular immune responses between C57BL/6 and DBA/2 mice

in response to Mycoplasma pulmonis infection



1. INTRODUCTION

Mycoplasma infection is a cause of respiratory disease in humans (52) and animals.
Mycoplasmosis in humans accounts for 20 to 40% of all cases of pneumonia patients in the
United States (53) and causes macrolide resistance problems (12, 37). In livestock, mycoplasma
respiratory infections also cause a huge problem and make a significant economic loss in many
countries (1, 2, 27). In addition, many kinds of animals can be infected with mycoplasmas and
receive the severe impact from the infection.

M. pulmonis, a pleomorphic bacterium lacking a cell wall, is mainly implicated in murine
respiratory mycoplasmosis (6, 7, 17) and can be transmitted by airborne droplet of
nasopharyngeal secretion. 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 (11). In terms of
histopathology, mycoplasma infections are recognized by the accumulation of mononuclear and
polynuclear cells along the respiratory airways (5, 10). Previous studies with different inbred
mouse strains showed various susceptibility to this bacterial infection. For instance, infected B6
mice have bacterial load in their lungs 100-100,000 times lower than infected C3H mice (4) 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 (10, 19, 22, 46). For D2
mice, very limited information is available and cellular immune responses to the bacteria are
unknown. The results from my preliminary 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 worthwhile to determine the mechanisms of immune



responses that contribute to mycoplasmosis using B6 and D2 mice. This information may
contribute to the development of new vaccines and comprehensive knowledge for
mycoplasmosis in animals as well as humans. Both of innate and adaptive immune responses are
associated with disease severity and susceptibility between the strains of mice (11).
Inflammatory cellular and humoral responses have been used to investigate the host-pathogen
interactions in various microbes (3, 24, 43, 48). Differences in the responses of immune cells and
cytokines may be attributed to resistance or susceptibility in mice to mycoplasma infection.
Thus, in the current study, the cellular immune responses were examined 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). Results
indicated that D2 mice constantly had much greater number of colony-forming unit (CFU) of M.
pulmonis in their lungs, greater severity of lung lesions, higher pulmonary infiltration of immune
cells, and higher levels of cytokines in BALF. These results suggest that D2 mice are more
susceptible than B6 mice to M. pulmonis infection due to a hyper-immune inflammatory

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
facilities 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 (Protocol No. 16-0037).

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 1,000,000 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 inoculated intranasally with 6.0 x 10° CFU of M. pulmonis in 30 ul 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) (20). The infected dose of inoculum
used in the experiment was determined from preliminary experiment that showed the most
difference of lesions between B6 and D2 mice after the infection. 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 for clinical signs, b.w., and body temperature. The
samplings were performed at 7, 14, and 21 days post infection (d.p.i.) after euthanizing 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 removed 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 1,000,000 units of ampicillin sodium salt
(Sigma) were added. The total number of 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 sacrificed 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 extraction. 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 5 ul of 10 mg/ml proteinase K
(Invitrogen, Carlsbad, CA, USA) and incubating for 3-4 h 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
(18, 26, 49). The primers used were FN2 (5-ACCTCCTTTCTACGGAGTACAA-3") and R2 (5'-
GCATCCACTACAAACTCTT-3") (47). Quantitative real-time PCR was performed using the
FastStart Essential DNA Green Master (Roche Diagnostics Corporation, Indianapolis, IN, USA)
and LightCycler96 instrument (Roche). A reaction mixture (10 ul) contained 1 uM of each
primer, 5 ul of FastStart Essential DNA Green Master (Roche), and 50 ng of genomic DNA
template. Amplification conditions consisted of 45 cycles of denaturation at 95 °C for 10 s,
annealing at 60 °C for 10 s, and extension at 72 °C for 30 s. 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 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 alcohol 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; moderate, 3; severe, 4; and highly severe, 6.
Pathological scores for the lung sections were averaged and determined as the pathological index.

Immunohistochemical analysis for Grl (Ly-6G) and Ibal was performed in lung tissue of
both B6 and D2 mice to detect neutrophils and macrophages, respectively. Immunohistochemical
procedures were performed according to the method described previously (14). Briefly,
following deparaffinization, heat-induced antigen retrieval was applied using 0.1% pepsin in 0.2
ml HCI at 37 °C for 5 min 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 1 h at
room temperature. Then, the sections were incubated overnight with the specific primary
antibody, rat anti-Grl (Rand D system, Minneapolis, USA) or rabbit anti-lbal (Wako, Osaka,
Japan), diluted in phosphate-buffered saline (PBS) (pH 7.2) containing 1.5% bovine serum

albumin, at dilution of 1:800 or 1:1,200, respectively. Then the sections were incubated with

10



biotin-conjugated secondary antibody, goat-anti-rat IgG for rat anti-Grl or goat-anti-rabbit 1gG
for rabbit anti-lbal, for 1 h at room temperature, then with streptavidin-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,O, 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 sections were photographically captured using a fluorescence
microscope, 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 LC and the total areas of the mediastinal white adipose tissue
within the MFT were measured using a 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 lavagefluid (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 (9). 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 ul of sterile PBS, pH 7.2. The BALF was centrifuged at 300 x g at 4 °C for 5 min,
and then the supernatants were collected and stored at -80 °C for the cytokine analysis. The cell
pellet was suspended in 1.5 ml of distilled water, placed for 10 s, and then added 500 pl of 0.6 M
KCI and mixed by inverting. Suspensions were centrifuged at 300 x g at 4 °C for 5 min and the

supernatants were discarded. The cell pellets were resuspended by adding 500 pl of sterile saline
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(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 ul 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. IFN-y, IL-1B, IL-6, IL-10, IL-17A
and TNF-o 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.

2.8. Statistical analysis

The results of the various groups were compared by using an analysis of variance
(ANOVA). Scheffe's post-hoc test was used 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.
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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 b.w. loss, nearly
30% from the initial b.w..

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 bronchopneumonia 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 airways. Infected D2
mice had extensive lymphoid infiltrates such as macrophages and neutrophils around bronchi,

and mixed inflammatory response in alveoli (Fig. 3B and C). These differences included
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increased exudate, epithelial hyperplasia, and lymphoid hyperplasia in the lungs. There was no
difference observed between males and females in both strains (Figs. 9 and 10).

The inflammatory dynamics of the pulmonary epithelium were investigated 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 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 (Fig. 10).

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 histological 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 D2mice 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 revealed 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
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macrophages (Fig. 6C) compared with infected B6 (P < 0.05) and broth-inoculated control mice
(P < 0.01). However, lymphocyte population was not significantly different among infected B6,

infected D2, and broth-inoculated control mice (Fig. 6D).

3.3. Quantification of bacteria in lungs of infected B6 and D2 mice

To determine whether the burden of infection corresponded with disease severity, the
numbers of bacteria were determined in the lungs of mice. There were significant differences in
the number of bacteria recovered from the lung between infected B6 and D2 mice (Fig. 7A). At 7
and 14 d.p.i., infected D2 mice had higher (P < 0.01) CFU per lung 10% to 10*-fold more than
infected B6 mice. However, at 21 d.p.i., the CFU per lung was not statistically different between
infected B6 and D2 mice. Next, the quantity of M. pulmonis DNA in lung was determined 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 (Fig. 11).

3.4. Cytokine level in BALF of infected B6 and D2 mice

To exhibit the inflammatory response in lung to the mycoplasma infection, cytokine
levels in the supernatant of BALF was measured. The infection induced the expression of pro-
and anti-inflammatory cytokines in the lung (Fig. 8). At 7 d.p.i., IL-1p, 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 significance (P < 0.005) compared with infected B6 mice.

Remarkably, at 14 d.p.i. IL-6, IL-17A, and TNF-a levels were significantly higher (P < 0.01) in
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infected D2 mice compared with infected B6 mice. In contrast, the level of IL-1p in infected B6
mice was significantly 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. Moreover, 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 had no
any significant elevation of IL-10 and IFN-y in infected B6 and D2 mice and found that the level
of both cytokines was similar to the normal baseline level of broth-inoculated control mice (Fig.

8).

16



N
o
J

[
(9))
1

[y
o
L

—=Infected B6

(%]
1

-&-Infected D2

o

**% | —n=Control B6

% %k %
=>Control D2

[y
o
1

% body weight change
&

[y
(5, ]
1

30 - Days post infection

Fig. 1. Body weight changesin infected female B6, infected female D2, and control
female mice after M. pulmonis infection. The time course of changes was shown in percentage
of b.w. loss in mice (n=5-6 per group) infected with 6 x 10° CFU of M. pulmonis. *, **, and ***

indicate P <0.05, P <0.01, and P <0.005, respectively.
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Fig. 2. Gross lung lesions in infected female and control female mice after M. pulmonis infection.
Mice were infected with 6 x 10° CFU of M. pulmonis. 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. 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 indicate 10 mm.
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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-) showed
extensive  lymphoid infiltration around bronchi, neutrophilsin  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 pum.
(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 um. (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.
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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-1) compared with infected B6 (g-i) and control mice. All scale bars
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indicate 500 um. (B) Percentage of LC area in the total MFT area in the H&E-stained sections in
infected female BG6, 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.
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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-
) 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-) compared with infected B6 (g-i) and control

mice. All scale bars indicate 150 pm.
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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; 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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Fig. 9. Representative of histopathological observation of lung sections in infected B6 female,
infected B6 male, infected D2 female, and infected D2 male mice after M. pulmonis infection.
Representative light microscopic images of H&E-stained lung sections collected from 14 days
after M. pulmonis infection. Infected B6 female (a), infected B6 male (b), infected D2 female (c),
and infected D2 male (d) mice (n = 5-6 per group). Infected D2 female and male mice (c and d)
showed extensive lymphoid infiltration around bronchi, neutrophils in lumen of airways, and
mixed inflammatory response in alveoli. Infected B6 female and male mice (a and b) showed
lesions limited to a few lymphoid cells around the vessels and airways. All scale bars indicate

250 pum.
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Fig. 10. Lung pathological index score in infected B6 female, infected B6 male, infected D2
female, and infected D2 male mice after M. pulmonis infection. The histogram showed the
pathological index score of lung lesions by H&E staining in each group at 14 days after the

infection. Results are expressed as the mean + SE. NS; not significantly different.
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Fig. 11. Amounts of M. pulmonis in lungs of infected B6 female, infected B6 male, infected D2
female, and infected D2 male mice at 14 days 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. NS; not significantly different.
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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 demonstrated that the different strains of animals show different
susceptibility caused by different immune responses (3, 38, 43, 55). In laboratory rodents,
distinct difference in the response to the bacterial as well as viral infection was found. The B6
mouse was known to be resistant to the Sendai virus infection (42) as well as mycoplasma
infection (11). On the other hand, the D2 mouse is susceptible to the Sendai virus and
mycoplasma infection. Various experiments of M. pulmonis infection using susceptible and
resistant strains of mouse were performed (46). However, the mechanism of the susceptibility
and resistance is still unclear. Furthermore, little is known about the profiling of immune
responses. In this study, the infection experiment was conducted to display the immune
responses to the infection including b.w. loss, histopathology of lung, bacterial load in lung
tissues, cell cytology, and cytokine levels in BALF as well as histology of MFTs.

In the present study, the disease severity was evaluated 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 expressed gross lung lesions and histological 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. Results showed that the period of pulmonary
immune response 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 (5, 46).

30



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 1,000 times
higher than that from B6 mice (Fig. 7). Bacterial burden may cause pro-inflammatory cytokine
induction and result in the strain difference in the severity of the infection. M. pulmonis infection
strongly induced cytokines such as IL-1p, 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-1p, IL-6, and TNF-a augment IL-
17A production (8, 30). Results are consistent with 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-1 level higher than D2
mice at 14 d.p.i. (Fig. 8), and it may be inefficient to control of inflammation by reducing
cytokine production (50, 51) and blocking of the bacterial growth in lung (41). 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 bacterial infection (55). This
suggests that dysregulation of macrophages and neutrophils and dysregulation of cytokine
network in D2 mice cause deficiency to remove invading bacteria. The histopathological 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.
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One of the major functions of IL-17A is recruiting neutrophils to site of inflammation
(29). 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 neutrophils (Fig.
6B), which has been also reported in other studies (31). 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 recruiting neutrophils into the
airways during the infection (34, 35, 56). It appears that neutrophil recruitment does not induce
the recovery of mycoplasmosis, instead worsens the inflammatory response in D2 mice.
Reducing inflammatory damage during mycoplasma infection by neutralizing IL-17A (25, 36)
could serve as a therapy to reduce lung damage during mycoplasma infection.

The 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 (15). In normal B6 mice the ratio of LC area to total MFT area was significantly higher than
normal D2 mice as shown in previous paper (15) and tended to be increased as increasing the age.
However, in this study, it was 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 (16). The increase in
the ratio might be caused by over expression of cytokines that induce the proliferation of
immune cells in MFT area of D2 mice. For more understanding, cell types in these LC should be
identified to elucidate their function that may be involved in the infection. However, it is
suspected that these cells may not give any effects or advantages to remove the pathogen but

release the cytokine to activate the excessive leukocyte infiltration in the lung. Thus, further
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analysis should be needed to identify the type of the inflammatory cells in the LCs of these
infected mice.

In summary, it is 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 might correlate with the lack of initial bactericidal activity in D2
macrophages, 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 recruitment, and severe b.w. loss in D2 mice. This
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 reactions.
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5. SUMMARY

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 susceptibility to M. pulmonis infection, which causes murine
respiratory mycoplasmosis. The progression of murine mycoplasma pneumonia is dependent on
immune cells and others. The role of cytokines in immunity are complex, and identifying the
network of cytokines produced after infection of mice is essential in dissecting the key cytokine
cascades involved in mycoplasma disease pathogenesis. This study 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. To accomplish this,
histopathology, cytology, and cytokine analysis were used to monitor changes of immune cells
migration and cytokines expression in lungs. D2 mice showed higher amount of bacterial
proliferation in lung, higher pulmonary infiltration of immune cells such as neutrophils,
macrophages, and lymphocytes, and higher levels of interleukin (IL)-1pB, IL-6, IL-17A, and
tumor necrosis 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.
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CHAPTER 2

QTL analysis of resistance/susceptibility to the Mycoplasma pulmonis infection

in the mouse
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1. INTRODUCTION

QTL mapping locates and estimates the effect of genetic loci that regulate quantitative
traits that are complex, continuous and regulated by a group of genes interacting with each other
and the environment. Using the inbred mouse strains as a model organism, QTL mapping has
become a very important tool for finding genes that regulate complex human diseases, such as
mycoplasmosis, inflammatory bowel disease, pneumonia, tuberculosis, diabetes and obesity. In
the past two decades, QTL analyses have identified well over 2,000 QTLs associated with such
diseases (21, 32) and the genes underlying these QTLs are being identified at a faster pace than
ever. The increased role of QTL mapping and favored status of the inbred mouse in that role, are
based on the improvement and development of genetic research tools to manipulate the mouse
genome.

Most QTLs have been mapped in model organisms such as the mouse and the rat. QTL
mapping in humans is difficult, time consuming, expensive, hampered by ethical problems and
compromised by populations that are too small, too genetically diverse and subject to
uncontrollable environments. Those obstacles are nearly all overcome in the laboratory mouse:
the mouse room environment can be tightly controlled; laboratory mice are genetically well
defined; mice can produce large populations quickly; the mouse genome can be manipulated in
many ways; the laboratory mouse is relatively inexpensive to raise and maintain; QTL mapping
projects in the mouse can take less than a year (45); and, most importantly, the biology of the
mouse is very similar to that of humans.

That similarity has become evident in the past 15 years as comparative genomics has

demonstrated that the location of QTLs in mouse and other model animals can predict the
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location of homologous QTLs in humans. It is thought that genes responsible for QTLs are key
regulators of interacting biochemical pathways (21, 32) and thus may be potential targets for
therapeutic intervention. Because of cross-species concordance, QTLs and their underlying
candidate genes can be first identified in mice with cost-effectively, and then the genes can be
tested relatively easily in humans and verified in mice.

Mycoplasma species, particularly M. pulmonis is an important pathogen in the
microbiological test items of SPF animals, because it infects rodents and causes pneumonia. This
bacterium is Gram-negative spherical to pear-shaped, facultative anaerobe, lacking a cell wall,
and grows on conventional horse serum-yeast extract Mycoplasma medium. Animals infected
with M. pulmonis frequently suffer from lesions in the respiratory tract, as well as the
reproductive organs, joints, and brain. The infection can be transmitted by airborne droplet of
nasopharyngeal secretion. Mycoplasma infection in laboratory mouse colonies causes severe
problems to respiratory tract associated with rhinitis, otitis media, laryngotracheitis, and
bronchopneumonia. As a result, M. pulmonis can have significant impact on research that uses
infected mice through morbidity, mortality and interference with respiratory function (13).

Previous studies with different inbred mouse strains showed various susceptibility to this
bacterial infection. For instance, infected B6 mice have bacterial load in their lungs 100,000
times lower than D2 and C3H mice (5) as well as lower gross lung lesions and lung
histopathological lesions (10). During thirty years and more, many researchers have tried to
elucidate the variation of susceptibility to the M. pulmonis infection. However, the genetic loci
and genes responsible for the resistance/susceptibility to the infection are still unknown.
Therefore, identification of the locus was tried by QTL analysis using F, progeny derived from

two inbred mouse strains, which show the most clear difference in susceptibility to the infection

37



such as b.w. loss, lung histopathological lesions, propagation of bacteria in lung cytological
changes, cytokine level in BALF, and area of LCs in MFTs as disease-associated phenotypes.

In the Chapter 1 and preliminary study, pathogenicity of the bacteria was examined in B6
and D2 inbred mouse strains. The next step is as follows; select the suitable quantitative trait that
can differentiate disease severity between B6 and D2 mice, then a large F, population derived
from intercross between B6 and D2 mice were challenged with M. pulmonis, and QTL analysis
was performed to identify genetic loci and genes responsible for susceptibility/resistance to M.
pulmonis infection. This study expects the elucidation of infection mechanism of M. pulmonis
and prevention of the infection, if new genes that contribute to the susceptibility/resistance are

identified.
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2. MATERIALS AND METHODS

2.1. Mice

Based on the previous study (Chapter 1), it has been determined that B6 and D2 mice are
resistant and susceptible to M. pulmonis infection, respectively. SPF 8-week-old female and male
B6 and D2 mice were purchased from Japan SLC (Hamamatsu, Japan) and used as the parental
founders of F, population. An outcross between the two founders was conducted and
subsequently the members of the first generation (F; generation) were intercrossed to generate
121 F;, (B6 x D2) mice. All animals were kept under SPF conditions and infection experiments
were conducted in the bio-safety level 3 facilities 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 (Protocol No. 16-0037).

2.2. Bacteria and experimental infection procedure

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 1,000,000 units of ampicillin sodium salt (Sigma Chemical Company, Saint
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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. Eight-week-old F, (B6 x
D2) male and female mice (n = 121) were inoculated intranasally with 6.0 x 10° CFU of M.
pulmonis in 30 pl 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 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) (20). The infected dose of inoculum was
determined from Chapter 1 that causes the severe pneumonia and 30% b.w. loss in D2 mice,
whereas B6 mice exhibited only 5% b.w. loss. Mice were daily observed for clinical signs, b.w.,
and body temperature. The sampling was performed at 21 d.p.i. after euthanizing 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 21 d.p.i.. Lung sampling was done as described in Chapter 1.
Briefly, after removed lungs by aseptic technique 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 1,000,000 units of ampicillin sodium salt (Sigma) were added. The total number of
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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. BALF collection and cytology

Mice were euthanized by inhalation of overdose of isoflurane at 21 d.p.i. and BALF was
collected as described in Chapter 1. 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 ul of sterile
PBS, pH 7.2. The BALF was centrifuged at 300 x g at 4 °C for 5 min, and then the supernatants
were collected and stored at -80 °C for the cytokine analysis. The cell pellet was suspended in
1.5 ml of distilled water, placed for 10 s, and then added 500 ul of 0.6 M KCI and mixed by
inverting. Suspensions were centrifuged at 300 x g at 4 °C for 5 min and the supernatants were
discarded. The cell pellets were resuspended by adding 500 ul 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
ul 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.

2.5. 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
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for genetic study as described previously (42). The map positions of microsatellite loci were
based on information from the Mouse Genome Informatics (MGl;
http://www.informatics.jax.org), which provides an average interval of approximately 10-20 cM
to cover all 19 autosomes and the X chromosome (Table 1). The touchdown 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 10 cycles consisting of denaturation at 95 °C for 30 s, primer
annealing at 65 °C for 30 s (-2 °C in 2 cycles), and extension at 72 °C for 30 s, then 35 cycles
consisting of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 30 s, and extension at
72 °C for 30 s, and final extension at 72 °C for 1 min. PCR mixture and enzymes (ExTagDNA
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.

2.6. QTL analysis

One hundred twenty one F, (B6 x D2) mice were produced, infected with M. pulmonis at
8 weeks old, and measured % b.w. change, CFU of M. pulmonis in the lung, and the number of
total cells, neutrophils, macrophages, and lymphocytes infiltrated in BALF as QT at 21 d.p.i..
QTL analysis was performed with a Map Manager QTXb20 software program (28). In this
program, linkage probability was examined by interval mapping. For each chromosome, the
likelihood ratio statistic (LRS) values were calculated by 5,000 random permutations of the trait
values relative to genotypes of the maker loci and converted to logarithm of the odds (LOD)

score.
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2.7. Statistical analysis

The results of the various groups were compared by using ANOVA. Scheffe's post-hoc
test was used for multiple comparisons when a significant difference was observed by ANOVA
(P < 0.05). All values were represented as mean = SE. Values of P < 0.05 were considered

statistical significance.
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3. RESULTS

3.1. Susceptibility to M. pulmonis infection in F, (B6 x D2) progeny

Experiments in Chapter 1 established that the intranasal inoculation of 6.0 x 10°> CFU of
M. pulmonis in 30 ul of inoculum caused severe pneumonia and 30% b.w. loss in D2 mice,
whereas B6 mice exhibited only 5% b.w. loss. To analyze the potential contribution of genetic
factors to M. pulmonis infection, the F; population and subsequent 121 F, mice were generated
by reciprocal mating of resistant B6 and susceptible D2 mice. The entire F, population was
infected as described above and b.w. change of each mouse was daily recorded until 21 d.p.i..
Total cell count, differential cell count, and CFU/lung were also assessed by cytology and culture
in F, mice. F, progeny showed a b.w. loss, which was significantly lower than the susceptible

strain D2, but significantly higher than the B6 parental strain (Fig. 14).

3.2. QTL analysis

To dissect genetic factors regulating susceptibility or resistance to the M. pulmonis
infection between B6 and D2 mice, QTL analysis was performed. The 121 F, mice were
genotyped using 125 microsatellite markers. % b.w. change, CFU of M. pulmonis in the lung,
and the number of total cells, neutrophils, macrophages, and lymphocytes infiltrated in BALF
were selected as QTs. Detected QTLs were different each other depending on QTs used (Figs. 12
and 13). Only when b.w. change was used as QT, a significant QTL was obtained on Chr 4 (Fig.
12). The QTL on Chr 4 explained 13% of the total variance of % b.w. change in the F;
population. The peak signal for this QTL was at D4Mit42 located at 151.6 Mbp with 3.6 LOD

score, which mapped to the distal region of Chr 4, residing within 17.1 Mbp between D4Mit54
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and D4Mit256. The mapped QTL on Chr 4 was named Mpill for M. pulmonis infection locus 1.
These data suggest that the difference in each phenotype between infected B6 and D2 is

attributed to different genetic factors.

3.3. Identification of candidate genes in Chr 4

The positions of the closest markers flanking the peak on Chr 4 were used to define the
boundaries of this interval on the mouse genome assembly and searched for genes that might be
involved in the progression of M. pulmonis infection based on their expression profiles in the
literature and public databases. A total of 487 genes within Mpill interval were identified from
the public database, MGI, as described in materials and methods and classified as protein coding
genes (n = 247), non-coding RNA genes (n = 212) and unclassified genes (n = 28). To prioritize
these genes, MGl database was used by based the search on different keywords (Lung, Infection,
Respiratory AND Infection) and gene ontology terms (Immune AND Response, Cytokines,
Chemotaxis). The candidate genes in Table 2 are those reviewed by the literature research as
having a putative role in host defense to infection. In particular, the most promising candidate
genes (Tnfrsflb, Trp73) were those involved in pathogen sensing, immune cells recruitment, and
inflammatory process in respiratory system. Prioritization of results depends on the adopted
criteria for the bioinformatics analysis and on the bioinformatics tool itself. Therefore, it cannot
be excluded that other possible candidate genes presented in the list could somehow play a role

in M. pulmonis infection.
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Table 1. Microsatellite markers used for the QTL analysis

Microsatellite  Mbp | Microsatellite Mbp | Microsatellite Mbp | Microsatellite Mbp | Microsatellite Mbp
Markers Markers Markers Markers Markers

DiMit427 4 | D4AMIt139 55 | D7Mit333 137 | D11Mit199 101 | D16Mit182 5
D1Mit70 32 | D4Mit152 83 | D8Mit155 4 | D11Mit48 118 | D16Mit59 38
DiMit324 58 | D4Mit308 124 | D8Mit4 32 | D12Mit182 10 | D16Mit171 56
D1Mit415 86 | D4Mit54 137 | D8Mit100 56 | D12Mit172 46 | D16Mit140 70
DiMit191 120 | D4Mit42 151 | D8Mit234 82 | D12Mit36 60 | D16Mit152 85
DiMit14 156 | D5Mit345 4 | D8Mit242 101 | D12Mit5 80 | D16Mit106 97
DiMit291 184 | D5Mit180 24 | D8Mit200 114 | D12Mit101 102 | D17Mit113 11
D1Mit155 194 | D5Mit108 43 | D8MIt56 129 | D12Mit150 115 | D17Mit198 27
D2Mit175 3 | D5Mit258 66 | D9mMIt219 13 | D13Mit57 16 | D17Mit139 52
D2Mit296 31 | D5Mit357 77 | DOMIt90 32 | D13Mit60 35 | D17Mit218 71
D2Mit91 66 | D5Mit208 100 | D9Mit4 52 | D13Mit248 52 | D17Mit221 90
D2Mit66 84 | D5Mit188 117 | D9MIt302 67 | D13Mit9 81 | D18Mit66 3
D2Mit62 118 | D5Mit370 126 | D9MIt133 84 | D13Mit35 119 | D18Mit132 21
D2Mit286 154 | D5Mit222 142 | D9Mit355 98 | D14Mit10 12 | D18Mit17 39
D2Mit200 179 | D6Mit86 4 | D9MIt18 120 | D14Mit120 36 | D18Mit124 57
D3Mit164 7 | D6MIt159 29 | D10Mit248 14 | D14Mit102 65 | D18Mit7 76
D3Mit268 28 | D6Mit74 48 | D10Mit61 66 | D14Mit225 74 | D19MIt69 13
D3Mit182 50 | D6Mit188 75 | D10Mit186 75 | D14Mit7 90 | D19MIt80 23
D3Mit241 66 | D6MIit104 110 | D10Mit134 104 | D14Mit170 106 | D19MIt119 41
D3Mit28 90 | D6MIt15 146 | D10Mit297 125 | D14Mit266 121 | D19Mit33 56
D3Mit346 116 | D7Mit178 3 | D11Mit226 8 | D15Mit12 3 | DXMit89 10
D3Mit14 132 | D7Mit114 26 | D11Mit229 25 | D15Mit5 43 | DXMit166 51
D3Mit129 156 | D7Mit82 51 | D11Mit21 44 | D15Mit156 71 | DXMit25 71
D4Mit235 8 | D7Mit318 73 | D11Mit4 68 | D15Mit159 87 | DXMit130 133
D4Mit172 34 | D7Mit66 119 | D11Mit212 88 | D15Mit161 97 | DXMit186 165
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Table 2. The list of the most promising candidate genes identified in the Mpill locus on Chr 4

Gene symbol Gene description Mbp
D4Mit54 Flanking marker 137.8
Crocc Ciliary rootlet coiled-coil, rootletin 141.0
Cplane2 Ciliogenesis and planar polarity effector 2 141.2
Prdm2 PR domain containing 2, with ZNF domain 143.1
Pdpn Podoplanin 143.2
Tnfrsflb Tumor necrosis factor receptor superfamily, member 1b 145.2
Gmb572 Predicted gene 572 148.6
Kiflb Kinesin family member 1B 149.1
Errfil ERBB receptor feedback inhibitor 1 150.8
D4Mit42 Significant locus 151.5
Trp73 Transformation related protein 73 154.0
Prdm16 PR domain containing 16 154.3
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change after M. pulmonis infection. (A) The x and y axes show Chr number and LOD score,
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respectively. The horizontal lines across the plot indicate two confidence thresholds calculated at
5% (thick, significant) and 63% (dotted, suggestive) level of significance. One significant QTL
(P=0.00027) was detected at 151.6 Mbp on Chr 4 with 3.6 LOD score and one
suggestive QTL (P=0.00713) was detected at 75.4 Mbp on Chr 6 with 2.2 LOD score. (B)
Enlarged figure for Chr 4. The x and y axes show microsatellite marker positions and LOD score,

respectively.
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Fig. 13. QTL scan showing LOD score and genome positions associated with the designed QTs
after M. pulmonis infection. The x and y axes show Chr number and LOD score, respectively.
The horizontal lines across the plot indicate two confidence thresholds calculated at 5% (thick,
significant) and 63% (dotted, suggestive) level of significance. (A) QTL scan showing LOD
score and genome positions associated with the CFU/lung after M. pulmonis infection. Three
suggestive QTL (P = 0.0038, 0.00317, and 0.0072) were detected at 115.9, 121.0, and 56.1 Mbp
on Chr 12, 14, and 19 with 2.4, 2.5, and 2.2 LOD score, respectively. (B) QTL scan showing
LOD score and genome positions associated with the total cell count after M. pulmonis infection.
One suggestive QTL (P = 0.0028) was detected at 132 Mbp on Chr 3 with 2.6 LOD score. (C)
QTL scan showing LOD score and genome positions associated with the % of neutrophils
after M. pulmonis infection. Two suggestive QTL (P = 0.00288, and 0.00743) were detected at

77.1, and 121.0 Mbp on Chr 5, and 14 with 2.5, and 2.1 LOD score, respectively. (D) QTL scan

52


https://www.sciencedirect.com/topics/immunology-and-microbiology/quantitative-trait-locus
https://www.sciencedirect.com/topics/immunology-and-microbiology/position
https://www.sciencedirect.com/topics/medicine-and-dentistry/infection
https://www.sciencedirect.com/topics/immunology-and-microbiology/chromosome-number
https://www.sciencedirect.com/topics/immunology-and-microbiology/quantitative-trait-locus
https://www.sciencedirect.com/topics/immunology-and-microbiology/position
https://www.sciencedirect.com/topics/medicine-and-dentistry/infection
https://www.sciencedirect.com/topics/immunology-and-microbiology/chromosome-4
https://www.sciencedirect.com/topics/immunology-and-microbiology/quantitative-trait-locus
https://www.sciencedirect.com/topics/immunology-and-microbiology/position
https://www.sciencedirect.com/topics/medicine-and-dentistry/infection
https://www.sciencedirect.com/topics/immunology-and-microbiology/chromosome-4
https://www.sciencedirect.com/topics/immunology-and-microbiology/quantitative-trait-locus
https://www.sciencedirect.com/topics/immunology-and-microbiology/position
https://www.sciencedirect.com/topics/medicine-and-dentistry/infection
https://www.sciencedirect.com/topics/immunology-and-microbiology/quantitative-trait-locus

showing LOD score and genome positions associated with the % of macrophages after M.
pulmonis infection. One suggestive QTL (P = 0.00324) was detected at 77.1 Mbp on Chr 5 with
2.5 LOD score. (E) QTL scan showing LOD score and genome positions associated with the %
of lymphocytes after M. pulmonis infection. One suggestive QTL (P = 0.0005) was detected at

146.4 Mbp on Chr 6 with 3.3 LOD score.
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Fig. 14. Histogram of % b.w. change of B6, D2 and F, population after M. pulmonis infection. A,
B6 (n =6), B, F, (n = 121), and C, D2 (n = 6) mice were intranasally inoculated with a dose of

6.0 x 10™ CFU of M. pulmonis, and recorded for b.w. change up to 21 d.p.i..
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4. DISCUSSION

Phenotypic variations of host response to M. pulmonis infection have been demonstrated
in several inbred mouse strains (4, 5, 46) and autoimmune disease mouse (54). In Chapter 1, it
was shown that classical inbred strains of mice manifested an extreme response, highly resistant
or highly susceptible to M. pulmonis infection. In particular, the risk of severe b.w. loss, high
bacterial propagation in lung, high inflammatory cells infiltration and high cytokines level in D2
mice was observed after exposure to M. pulmonis, while B6 mice showed milder clinical
symptoms associated to higher resolution of the infection. However, the genetic component of
this trait is still poorly understood. In this study, a genetic determinant of susceptibility to M.
pulmonis infection was investigated. First, an informative F, population was generated by
crossing the resistant B6 and susceptible D2 mice. Next, this F, population was scored for % b.w.
change as the main phenotypic trait associated with disease progression, and subsequently used
for QTL analysis. The M. pulmonis dose for inoculation of the newly generated population was
selected according to the most deviant differences in % b.w. change between parental strains.
The F;, population showed a wide range of responses in terms of % b.w. change compared to the
parental strains. For this study, M. pulmonis isolates sampled from wild mouse showed a clinical
sign of the disease. Although the M. pulmonis strain was selected on the basis of its similarity to
environmental strains, including genotypic and phenotypic features, it is possible that this
particular strain may affect several physiological parameters and subsequent analysis.

Genetic linkage approach was successful in identifying for the first time the Mpill locus,
on murine Chr 4, linked to susceptibility to M. pulmonis infection with 95% significance (P <

0.05). Here, the gene prioritization approach was used to rank genes involved in the
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susceptibility to M. pulmonis infection. The most promising candidate genes included in the
Mpill locus, namely Crocc, Cplane2, Prdm2, Pdpn, Tnfrsflb, Gm572, Kiflb, Errfil, Trp73 and
Prdm16, are mainly involved in pathogen sensing, immune cells recruitment, and inflammatory
process in respiratory system.

Finally, QTL analysis was performed to dissect genetic factors controlling the difference
in infected phenotypes and obtained many loci. However, detected QTL responsible for each
phenotype was different each other (Figs. 12 and 13). 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 one significant
QTL was detected on Chr 4. A significant QTL have been obtained on Chr 4, when QTL
analysis was performed for resistance or susceptibility to Sendai virus infection using b.w.
change as QT between B6 and D2 mice (42). Although peak position of the QTL is slightly
different, it is quite interesting to hypothesize that some genetic factors on Chr 4 may contribute
to resistance or susceptibility to pathogens causing pneumonia. In addition, a suggestive QTL
have been obtained on Chr 6, which was reported that relate to production of adipose tissue and
b.w. control (44).

In summary, promising candidates for the genetic basis of host susceptibility to M.
pulmonis infection are suggested. In addition to a better understanding of host pathogen
interactions, the characterization of these genes may have significant implications for the
discovery of novel possible therapeutic targets and/or prognostic biomarkers complementing

human studies.
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5. SUMMARY

Genetics factor plays a key role in host response, disease severity, and ultimate outcome
of the infection with M. pulmonis in rodents. In the mouse, D2 strain is very susceptible to M.
pulmonis infection, while the B6 strain is resistant. In D2 mice, a heavier bacterial burden causes
a unique phenotype that includes very severe and fatal pulmonary disease with extensive
exudation of macrophages and neutrophils and tissue necrosis, as opposed to slower progressive
pulmonary disease characterized by the accumulation of epithelioid macrophages with protective
immune and inflammatory responses in B6 mice. To identify the genes responsible for the
differences in host response to M. pulmonis in these two strains, 121 F, (B6 X D2) crosses were
infected intranasally with M. pulmonis and % b.w. change, CFU of M. pulmonis in the lung, and
number of total cells, neutrophils, macrophages, and lymphocytes infiltrated in bronchoalveolar
lavage fluid were used as QTs in a whole genome scan. Quantitative trait locus (QTL) analysis
showed that the susceptibility was controlled by multi-genic loci. However, % b.w. change was
used as a QT, QTL analysis identified one significant linkage on the distal portion of
chromosome (Chr) 4 (D4Mit42, 3.6 LOD) and one suggestive linkage on Chr 6 (D6Mit188, 2.2
LOD) that totally account for approximately 21% of the phenotypic variance. These novel loci
provide the basis for the evaluation of a possible association of the corresponding syntenic

chromosomal regions in humans with respect to the susceptibility to mycoplasmosis.
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CONCLUSION

Mycoplasma infections cause respiratory tract damages and atypical pneumonia, resulting
in serious problems in humans and animals worldwide. Mycoplasma species, particularly
Mycoplasma pulmonis (M. pulmonis) is an important pathogen involved in microbiological test
items of specific pathogen-free rodents, because it causes pneumonia after infection in rodents.
As a result, M. pulmonis has significant impact on research using rodents. Previous studies with
different inbred mouse strains showed various susceptibilities to this bacterial infection. For
instance, infected C57BL/6 (B6) mice have bacterial load in their lungs 100,000 times lower than
DBA/2 (D2) mice as well as lower gross lung lesions and lung histopathological lesions.
However, the profiling of cellular immune responses and the genetic loci or genes responsible
for the resistance/susceptibility to the infection are still little known.

In Chapter 1, the cellular immune response was examined 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 change, cytokine levels in BALF, and areas of lymphoid clusters (LCs) in
mediastinal fat tissues (MFTs). D2 mice constantly had much greater number of colony-forming
unit (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 complied the cellular immune responses from M. pulmonis infection in B6 and D2 mice.
These results suggest that D2 mice are more susceptible than B6 mice to M. pulmonis infection

due to a hyper-immune inflammatory response.
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In Chapter 2, quantitative trait locus (QTL) analysis was performed using the infected
phenotypes (in Chapter 1) that showed the difference between infected B6 and D2 mice as
quantitative traits (QTs) to dissect genetic factors regulating the difference between these two
inbred strains. Detected QTLs were different each other depending on QTs used. These data
suggest that the difference in each phenotype between infected B6 and D2 is attributed to
different genetic factors. However, only when body weight change was used as a QT, a
significant QTL was detected on chromosome (Chr) 4. The peak signal for this QTL was at
D4Mit42 located at 151.6 Mbp with 3.6 LOD score, which mapped to the distal region of Chr 4,
residing within 17.1 Mbp between D4Mit54 and D4Mit256. This region included some candidate
genes that might be involved in M. pulmonis infection. Further study of this locus may provide
insights into therapeutic strategy for murine respiratory mycoplasmosis.

In conclusion, from this study, the profiling of cellular immune response to M. pulmonis
infection in B6 and D2 mice was established. These data provided the better understanding of
immune systems that response to the infection and would benefit to the identification of genetic
loci and genes responsible for the host defense to the M. pulmonis infection. Moreover, the result

may be extrapolated to mycoplasmosis in other animals including human.
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SUMMARY IN JAPANESE

~A AT A EYLIER IR EE A G R FERM R AR ER 220, AR TE FEW
I LIRA 2 x5 2 TWnWb, v~/ a7 T X<vDH 5, &0 plF Mycoplasma pulmonis
(M. pulmonis)iZif > sFEICHiR 2 5l & Z 372, FFEWRIRIE T Y — DU > O WA 5/
RER DR ZIFFUR L L CTEHEHETH D, ik M. pulmonis 1ZiF -~ a4 FH\ D HF%EIC & > CH
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LA RFIT IR DM A 7T 2 L R &7z, #il%1E, C57TBL/6 (B6)~ ™~ 21X DBA/2 (D2)
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vy AU 7 BEERIEAIED D WVITEERE IOV TIFAEH TR,
—ETE, b 2 ZHO~ T RZEWT, OMBHE RN, M1 2 EOHEIH,
RS, S SMIUEF R T O A A 0 RONERRIE IR 0 U o SEREEH] 2 G~
% Z & T, M. pulmonis J&# 2563 2 Ml feZ s 2 dil <7z, D2 =7 2% B6 v 7 AIZH~T,
il 3317 % M. pulmonis OV m =—TBAEE, i X 0 BERFE, L0 %< i~k
ML ODIRE, LV @D L ORE SIS R T O A M A 72 ER A STz, KAFZEIC
FoTHDTBE~T AL D2~ ZADRTIOX D IR GERSIENNH D Z &R
Nice ZHHORRIT D2 ~ 7 A TIIERIGERIESUEPE Z 5 Z LI2L > T, B6 w7 X2k
~T M. pulmonis 84 Zxt L TR DML Db Z & AR L TV D,
FETIE, BE vy RAE D2 v U ADEWEHE L TWABBRFZH LT 5 B
—ETRENTEZEN T =/ X147 (QT) #HAW<T QTL (quantitative trait locus) f#tT %47

S, TNEND T =) X4 T TRHRHENT QTL It FhiE-> Tz, 202 L, B6 ~
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7T R EYSEOIREECRT 2R b2 b &b Z L BRI S LD,
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