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Background

Pulmonary alveolar proteinosis (PAP), a rare disorder
predominantly affecting the lungs, is characterized by
accumulation of surfactant lipids and proteins in the al-
veoli and terminal bronchioles [1]. PAP is clinically clas-
sified into three distinct forms, namely, autoimmune,
secondary, and congenital PAP [2]. Autoimmune PAP is
associated with disruption of granulocyte/macrophage
colony-stimulating factor (GM-CSF) signaling caused by
high levels of GM-CSF autoantibody in the lungs [3].
Secondary PAP (sPAP) results from underlying diseases
that presumably impair swrfactant clearance because of
abnormal nwnbers and functions of alveolar macrophages
(AMs). Of the 40 cases of sPAP previously reported by
our group (4], 88% (1 = 35) involved hematological disor-
ders as underlying diseases. The probability of survival at
two years was 46% in cases with sPAP complicating
hematological disorders. The median survival time for all
cases including 17 patients who died within two years of
the sPAP diagnosis was 16 months. Although myelodys-
plastic syndrome (MDS) is the most frequent underlying
disease of sPAP (n = 26, 65%), little information is available
on the prognostic impact of development of sPAP on pa-
tient outcome.

MDS, a group of clonal hematological stem-cell disor-
ders with ineffective myeloid hematopoiesis and varying
degrees of bone marrow failure, is associated with a
significant risk of progression to acute myeloid leuke-
mia {AML). Clinical manifestations are variable, from
indolent conditions with near-normal life expectancy
to forms that rapidly develop inte AML [5]. Clari-
fying much of this heterogeneity, the World Health
Organization (WHO) developed a classifications of MDS
based on the presence of unilineage or multilineage
dysplasia, bone marrow blast cell count, and cytogenetic
features: refractory anemia (RA), RA with ringed side-
roblasts (RARS), refractory cytopenia with multilineage
dysplasia (RCMD), RCMD with ringed sideroblasts
(RCMD-RS), RA with excess of blasts-1 {RAEB-1), and
RA with excess of blasts-2 (RAEB-2) [61. In 2007,
Malcovati et al. developed a new prognostic scoring
system (WHO classification-based prognostic scoring
systen (WPSS)) according to WHO subgroup, karyo-
type, and transfusion requirement. Through this system,
cases with MDS are classified into very low-, low-,
intermediate-, high-, or very high-risk groups [7]. WPSS
is a dynarnic system that accurately predicts the survival
and risk of leukemic evolution in MDS patients at any
time during the course of their disease. This time-
dependent system seems particularly useful for lower-risk
patients and for implementing risk-adapted treatment
strategies.

Given the validation of WPSS criteria as a prognostic
indicator for the course of MDS, it is applicable in
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prognosis evaluation of MDS complicated by PAP
(MDS/sPAP). In the present study, we evaluated this
issue for the first time and found that development of
sPAP worsens the prognosis of patients with otherwise
low-riglk MDS.

Methods

Subjects

Thirty-one patients in Japan who were diagnosed with
sPADP with underlying MDS from July 1999 to June
2013 were evaluated. We obtained agreement from all
treating physicians for each identified case, according
to the Guidelines for Epidemiological Studies by The
Ministry of Health, Labour, and Welfare. This was a
retrospective cohort study approved by the Ethical
Board of Kyorin University (H23-085-01). Cases, part of
which were reported previously, were identified retro-
spectively [8-18].

Diagnosis

Diagnosis of MDS was made according to the 2002
WHO criteria [6]. One patient with unclassified MDS,
two patients with myelofibrosis, and two patients with
20% marrow blasts who were considered as having AML
were excluded from the study. MDS with isclated
chromosome 5 deletion (del(5q)) and marrow blasts
of «5% were included. Next, the patients were classified
into RA, RARS, RCMD, RAEB-1, and RAEB-2 groups.
Karyotypes were classified by using the International
System for Cytogenetic Nomenclature Criteria {19}
Diagnosis of PAP was based on the following criteria: 1.
histopathological findings from specimens obtained by
surgical biopsy or transbronchial lung biopsy, or milk-
like appearance with typical cytological findings from
bronchoalveolar lavage fluid (BALF); 2. typical high-
resolution computed tomography (HRCT) findings for
PAP, such as ground glass opacity, consolidation, and
interlobular septal thickening; and 3. negative result for
serim GM-CSF autoantibody.

Classification by WPSS

The WPSS score was calculated according to the
method of Malcovati et al {7] The score was calculated
from the data of WHO subgroups (RA/RARS/5¢-,
RCMD/RCMD-RS, RAEB-1, and RAEB-2), karyotype
abnormalities categorized according to the International
Prognostic Scoring System [20], and transfusion require-
ment. The same weight (score of z21) was assigned to
each variable for WHOQO subgroup, karyotype, and trans-
fusion requirement. Based on the score, patients were
classified according to the following five risk groups: very
low (score =0), low (score=1), intermediate {score=2),
high (score = 3 to 4), and very high (score = 5 to 6). Trans-
fusion dependency was defined as having at least one
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red blood cell {RBC) transfusion every eight weeks over a
period of four months.

Statistical analysis

The cumulative probability of survival and risk of progres-
sion to leukemia were estimated by using the Kaplan—Meier
method. Patients undergoing transplantation treatment
were censored at the time of the procedure in order to
exclude any potential source of bias due to differential
treatment. Variable data were analyzed through Kaplan~
Meier methods to estimate the cumulative probabilities
of overall survival. The difference in the cumulative
probabilities within subcategories of patients was com-
pared by using two-sided log rank test. Survival analyze
was performed using Cox proportional model with
time-dependent covariates to assess the effect of the
variables of interest on overall survival.

Numeric data were evaluated for normal distribu-
tion and for equal variance by using the Kolmogorov—
Smirnov test and Levenes median test, respectively,
Nonparametric data are presented as medians. Categor-
ical data are presented as a percentage of the total or
numerically, as appropriate. Statistical comparisons of
nonparametric data were compared through the Wilcoxon
test. Comparisons of categorical data were made with
chi-square or Fischer’s exact tests. All tests were two-
sided. Statistical significance was indicated by p values
of <0.05. Data were analyzed by using SPSS 17.0
software for Windows.

Results
From September 1999 to May 2013, we centrally ana-
lyzed for GM-CSF autoantibody in the sera of 619
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Japanese cases that had been diagnosed as PAP. Of those
cases, 561 were positive for the antibody and 58 were
negative. In the cases negative for GM-CSF antibody, 51
demonstrated obvious underlying diseases such as
hematological disorders, autoimmune diseases, and in-
fectious diseases. As shown in Figure 1, hematological
disorders were the most common underlying disease, 31
cases of which involved MDS. These cases were investi-
gated retrospectively in this study.

Demographic data are shown in Table 1. Diagnosis of
MDS was performed in accordance with WHO criteria;
19, 1, 5, 3, and 3 cases were RA, RARS, RCMD, RAEB-1,
and RAEB-2, respectively. Karyotyping revealed 2 cases of
“high-riskes of g e, 24 cases of “intermediate-riskmediatef,
and 5 cases of “low-risks disease. As previously reported
[10], there was over-representation of trisomy §, as it was
present in 16 cases (51.6%). RBC transfusion dependency
was observed in 11 cases.

PAP was diagnosed on the basis of the BALF and
HRCT results in 23 cases and by surgical biopsy and
HRCT in eight cases. In 23 cases, diagnosis of MDS was
done before diagnosis of PAP, whereas eight cases were
diagnosed simultaneously.

According to the WPSS, the cases were classified into 2,
11, 7,9, and 2 cases of very low-, low-, intermediate-, high-
, and very high-risk groups, respectively. For statistical ana-
lysis, very low-/low-risk groups and intermediate-/high-/
very high-risk groups were categorized as “mild MDS”
and “severe MDS” DSere iz, respectively (Table 1).
There was no difference in sex and age at the diagnosis
of MDS and in hemoglobin concentration, absolute
neutrophil count, and platelet count between mild and
severe MDS cases. Then, the median age at diagnosis of
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Table 1 Demographic data at diagnosis of MDS in each group classified according to the WPSs
<WPSS risk g

k<kVe}ky'lybvkv +low > <Int +ﬁigh + very high?
Median (min.«max') Total © MildMDS o éevei’ew MBSMM P value
(=31 (n=18)
Age at Dx of MDS 50 (27-75) 45 (30-67) 50 (27-75) 0.54
HbG {g/dh) 94 (4.8-16.4) 114 (55-164) 90 (4.8-13.9 0.06
ANC (x 107/0) 1.84 (0.01-754) 1.46 (0.45-6,97) 2.74(0.01-7.54) 0.68
PLT (x 107/1) 65 (6-219) 45 (14-219) 69 (6-196) 0.31
WHO subgroup: n (%)
RA/RARS 20 (65) 13 (100) 7 (39) <0.001
RCMD 5(16) 0 5(28) 0.058
RAEB-1.2 6(19) 0{0) 6(33) 0.02
Karyotype™: n (%)
Good type 27 205 0 0.16
Intermediate type 24 (77) 11 (85) 13 (72) 0.66
Poor type 5(16) 0 () 5(28) 0.058
RBC transfusion dependency™: n (%) 11 (35) 0(0) 11(61) <0.001

(*) Cytogenetics was as follows. Good type: normal, Y, del(5¢), del(20q); poor type: complex (> three abnormalities), chromosome 7 anomalies; and intermediate
type: other abnormalities.

{**) RBC transfusion dependency was defined as having at least one RBC transfusion every eight weeks over a period of four months. ANC, absolute neutrophil
count; Dx, diagnosis; HbG, hemoglobin; MDS, myelodysplastic syndrome; PLT, platelets; RA, refractory anemia; RAEB, refractory anemia with blasts; RARS, refractory
anemia with ringed sideroblasts; RBC, red blood cell; RCMD, refractory anemia with multilineage dysplasia; WHO, World Health Organization; WPSS, WHO
classification-based prognostic scoring system,

Table 2 Clinical status at death {n= 17}
WPSS at diagnosis WHO criteria at diagnosis of MDS ~ AML progression Progression of PAP Pneumonia

No. 6 (35.3%) 11 (64.7%) 11 (64.7%)
Mild MDS 1 Very low + low RA °
2 RA ®
3 RA ° °
4 RA ° ®
5 RA L]
6 RA L]
7 RA °
Severe MDS 8 Intermediate RA °
9 RA ) e
10 RA ° °
1 RA ] ° °
12 RA ® e
13 RCMD °
14 High + very high RA ' o o
15 RCMD ® °
16 RAEB-1 ° @
17 RAEB-2 e °

AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; PAP, pulmonary alveolar proteinosis; RA, refractory anemia; RAEB, refractory anemia with blasts;
RCMD, refractory anemia with multilineage dysplasia; WHO, World Health Organization; WPSS, WHO classification-based prognostic scoring system.
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MDS/sPAP was 51 years, and 84% of cases were symp-
tomatic, with the most common symptoms being fever
(45%), dyspnea on effort (42%), and cough (42%). The
value of serum Krebs von den Lungen-6 (KIL-6) and
surfactant protein-D (SP-D) were elevated, and the dif-
fusing capacities of the lung for carbon monoxide (%
Dleo) were very low in the absence of ventilation dis-
order in pulmonary function tests. There was no differ-
ence in the frequency of respiratory symptoms between
patients with mild MDS and those with severe MDS.
Serum biomarkers and pulmonary function tests showed
no significant difference between the two groups.
Follow-up periods after diagnosis of MDS ranged
from five to 254 months (median, 40 months) in all
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patients (Additional file 1: Figure S1 and Additional file
2: Figure S2). During the follow-up period, 7 patients
with mild MDS and 10 patients with severe MDS died,
and 2 patients with mild MDS and 4 patients with se-
vere MDS progressed to AML (Table 2). Two and five
patients in the mild MDS and severe MDS groups, re-
spectively, underwent transplantation therapies. They
were censored at the time of the procedure. The dur-
ation from diagnosis of MDS to diagnosis of sPAP was
variable, ranging from 0 to 168 months in the mild
MDS group and from 0 to 228 months in the severe
MDS group (Figure 2A). The median duration of MDS
prior to diagnosis of sPAP in the mild MDS group
was significantly longer than that in the severe MDS group
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(p=0.034). Three patients in the mild MDS group and
one in the severe MDS group survived for more than five
years after diagnosis of sPAP. Of those, spontaneous
remission of sPAP occurred in three cases.

A previous report [7] demonstrated that prediction of
survival was dependent on the severity of MDS (as de-
fined by WPSS) at any time of the disease. In contrast,
patients with mild MDS in our study had cumulative
survival probability similar to that of patients with severe
MDS (Figure 2B, p =0.827). This similarity may be due
to poor prognosis of mild MDS after diagnosis of PAP.
The cumulative survival probability curves of mild
and severe MDS groups with median survivals of 13 and
15 months, respectively, are comparable. Concerning
causes for the death of seven patients in the mild MDS
group were progression to AML in two cases, PAP ex-
acerbation in four cases, and fatal infectious disease in
three cases (Table 2). Concerning causes for the death of

Table 3 Univariate analysis of overall survival after diagnosis of sPAP in MDS
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L0 patients in the severe MDS group were progression
to AML in 4 cases, PAP exacerbation in 7 cases, and
fatal infectious disease in 8 cases. Fatal infectious dis-
eases consistently arose from severe pneumonia with
(n=4) or without systemic sepsis, suggesting that pro-
gression of PAP was the major cause of death in both
mild and severe MDS patients. These results suggest
that occurrence of sPAP principally reduced the survival
of patients with mild MDS. Pathogens isolated in the
fatal cases were identified as Aspergillus species (four
cases), Pseudomonas aeruginosa (four cases), and non-
tuberculosis Mycobacterium species {four cases).

By performing univariate analysis using Cox propot-
tional model we then searched for potential prognostic
factors, Age, sex, respiratory symptoms, history of respira-
tory failure, diagnostic procedure for sPAP, and MDS
group (mild or severe), were not associated with survival
at the time of diagnosis of sPAP (Table 3). Treatment with

Variable at diagnosis of sPAP (n) 75% of OS (months) 50% of 05 (months) HR (95% CI) P value
Age: 51 yrs or younger 16 8 16 -
Older than 52 yrs 15 10 15 1.29 (048-341) 0.607
Gender: Male 19 10 16
Female 12 11 21 1.12 (043-2.94) 0.804
MDS group: mild i3 10 15
severe 18 i 16 1.11 (042-295) 0.830
Symptoms: () 5 26 26
(+) 26 6 15 1.50 (0.33-6.65) 0592
Dx procedure: Bronchoscopy 23 1 13
Surgical biopsy 8 15 26 0.69 (0.23-2.04) 0.507
Respiratory failure: () 21 11 26
(+) 10 5 10 2.18 (0.77-6.22) 0.142
Use of corticosteroid: (=) 16 16 -80
(+) 15 10 13 3.20 (1.09-9.38) 0.034
Serum KL-6 (U/ml): < 1960 16 13 26
1960 = 15 5 15 1.52 (0.58-4.00) 0.389
Serum SP-D (ng/ml): < 147 15 10 26
147 £ 15 8 15 1.80 (0.62-5.22) 0278
Serum SP-A (ng/mi): < 79 16 1 26
795 4 5 15 2.79 (0.965-8.06) 0058
%VC: 87 = " 15 34
< 87 11 8 15 3.27 (0.79-13.52) 0.101
FEV1%: 86 = 12 8 16
< 86 10 13 34 0.52 (0.14-1.87) 0.322
%DLco: 44 = 9 21 34
< 44 8 5 13 9.98 (1.03-96.11) 0.046

Clindicates confidence interval; OS, overall survival; DLco, diffusing capacity of the lung for carbon monoxide; Dx, diagnosis; FEV, forced expiratory volume; HR,
hazard ratio; KL-6, krebs von den lungen-6; MDS, myelodysplastic syndrome; SP-A, surfactant protein -A; sPAP, secondary pulmonary alveolar proteinosis; SP-D,

surfactant protein -D; VC, vital capacity.
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corticosteroids was associated with poor survival (p=
0.024) (Figure 3A). However, the number of patients
treated with steroid therapy did not differ between mild
and severe MDS groups. A %DLco of <44% (Figure 3B)
predicted poor prognosis (p=0.019), whereas %vital ca-
pacity (%VC), forced expiratory volume (FEV) 1.0%, serum
KL-6, SP-D, and surfactant protein-A (SP-A) did not.

Discussion
For the first time, we evaluated the prognosis of MDS/
sPAP in a substantial cohort of patients, comparing mild
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and severe MDS as classified according to WPSS cri-
teria. Our data demonstrate that the duration from diag-
nosis of MDS to diagnosis of sPAP was longer in mild
MDS than that in severe MDS, but the survival probabi-
lity was similar after the diagnosis of sPAP regardless of
MDS severity. As a whole, occurrence of PAP appeared
to worsen the prognosis of patients with mild MDS. This
result is supported by the fact that the major cause
of death was not MDS-associated but rather sPAP-
associated respiratory failure or infections. Prior to our
report, 21 cases with MDS/sPAP have been reported
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{8-18]. Most reports [9-18,21-24] describe a single case,
whereas ouly two publications report multiple cases
8251, The clinical course described in these reports
suggest a poor prognosis for MDS/sPAP patients, but no
prior report clearly quantifies the outlook for these pa-
tients and compares this to a predicted outcome by
using validated prognostic scores such ag WPSS. MDS/
sPAP is so rare a disease that neither pulmonologists
nor hematologists encounter such patients very often. In
fact, in more than 10 years, 2 to 5 cases were diagnosed
as MDS/sPAP annually in our analyses for serum GM-CSF
autoantibody in over 600 diagnosed PAP cases from
all over Japan; thus, we have finally reached cumula-
tive 31 cases with MDS/sPAP.

According to the WHO criteria, 20 of the 31 cases
were RA/RARS, 5 cases were RCMD, and 6 cases were
RAEB1-2. The proportion of the number for each sub-
type in the total number of cases was comparable to
literature data in terms of frequency and subtype distri-
bution, suggesting that the risk of PAP complicating
MDS is similar regardless of the subtype of MDS. It is
speculated that AMs in patients with MDS derive from
abnormal bone marrow precussor cells and are defec-
tive in both surfactant homeostasis and host defense,
hence the progression of PAP and PAP-associated in-
fections even in cases with mild MDS. Previous studies
reported that in the absence of complicating sPAP
the five-year survival probability for patients with RA
and RARS was 74% [{26], whereas our cases with RA
plus RARS had substantially inferior prognosis (0.69)
(Additional file 2: Figure 52).

It is noteworthy that treatment with corticosteroids
was associated with a markedly inferior prognosis. In
Japan, steroid therapy often has been used for PAP but
no evidence of its efficacy has been found. To our sur-
prise, 15 of 31 cases had undergone steroid therapy du-
ring the course of sPAP. Our data reveal that steroid-
treated patients had worse prognosis than did patients
without steroid therapy. Given that the predominant
cause of death was infective complications potentially
exacerbated by steroid-related immunosuppression, these
data clearly caution against the use of steroid therapy in
such patients.

Treatment of MDS/sPAP should be directed toward
the underlying malignancy, ie, MDS. It should also
aim at restoring hematopoietic function, either through
allogeneic bone marrow transplant, which has curative
potential for both MDS and sPAP or through hypo-
methylating agent therapy for MDS, which can restore
numerical hematologic parameters. However, functional
cellular defects will likely remain, as such therapy does
not necessarily eradicate the underlying clone, but rather
enhances cellular differentiation [27,28]. Nevertheless,
seven cases with MDS/sPAP to date in our cohort
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had undergone transplantation therapy. Of those, three
patients died of pnewmnonia within three months of
the transplantation therapy. Therefore, we do not have
any convinecing evidence to recommend transplantation
therapy in the early stages of the disease. Although
whole-lung lavage and segmental bronchial lavage were
performed in 10 patients, only 3 cases showed the effi-
cacy of lung-lavage therapy.

Infection often coexists with MDS/sPAP, although the
causal relationship between PAP and infection is not
clear. Superimposed infection accounts for a significant
degree of morbidity and mortality in patients with sPAP.
n the present study, 11 among 17 cases with fatal out-
comes developed fatal infectious diseases. Considering
that this complication was observed in the mild MDS
and severe MDS groups, pneumonia accompanied with
sPAP might be the trigger of fatal infection. Neverthe-
less, the present number of cases (31) is too small for
accurate prognosis evaluation of MDS/sPAD; future
international collaboration may be necessary to over-
come this difficulty.

Conclusions
Complication of sPAP is an important risk factor in
the prognosis of MDS. We believe that the present
data will contribute to the management and treatment
of the disease.
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INTRODUCTION

Mycoplasma pneumoniae (Mp) is a leading cause of community acquired pneumonia.
Knowledge regarding Mp pneumonia obtained from animal models or human subjects has
been discussed in many different reports. Accumulated expertise concerning this critical
issue has been hard to apply clinically, and potential problems may remain undiscovered.
Therefore, our multidisciplinary team extensively reviewed the literature regarding Mp
pneumonia, and compared findings from animal models with those from human subjects.
In human beings, the characteristic pathological features of Mp pneumonia have been
reported as alveolar infiltration with neutrophiis and lymphocytes and lymphocyte/plasma
cell infiltrates in the peri-bronchovascular area. Herein, we demonstrated the novel aspects
of Mp pneumonia that the severity of the Mp pneumonia seemed to depend on the host
innate immunity to the Mp, which might be accelerated by antecedent Mp exposure
{re-exposure or latent respiratory infection) through up-regulation of Toll-like receptor
2 expression on bronchial epithelial cells and alveolar macrophages. The macrolides
therapy might be beneficial for the patients with macrolide-resistant Mp pneumonia via
not bacteriological but immunomodulative effects. This exhaustive review focuses on
pathogenesis and extends to some therapeutic implications such as clarithromycin, and
discusses the various diverse aspects of Mp pneumonia. It is our hope that this might
lead to new insights into this common respiratory disease.

Keywords: Mycoplasma pneumoniae pneumonia, animal models, epidemiology, pathology, pathogenesis

influence the results of etiological studies of infectious diseases.

Mycoplasma pneumoniae (Mp) was first isolated in tissue culture
from the sputum of a patient with primary atypical pneumonia
by Eaton et al. 11944}, This “Eaton’s agent” was shown to be a
Mycoplasma species in 1961. Chanock et al. succeeded in cultur-
ing Eaton’s agent in mammalian cell-free medium and proposed
the taxonomic designation Mp in 1963 (Chanock et al. 1982
Chanock, 1963). Mp is a unique organism that lacks a cell wall in
any c1rcumstances, and does not need a host cell for replication.
This organism causes a variety of clinical presentations, from self-
limiting to life-threatening. The disease severity seems to depend
on the degree of host’s defenses. In this review, we focused on
the pathogenesis of Mp pneumonia from the perspective of host
defenses, based on findings from our mouse models.

EPIDEMIOLOGY

Mp is one of the most common pathogens of community-
acquired pneumonia (CAP) in adults (Table 1). In general, both
regional differences and varying periods of surveillance may

Table 1 summarizes the proportions of adult Mp pneumonia
among CAP populations enrolled in several large-scale studies
conducted in various countnes A al, 1997 Ngeow
Arnold et ¥ 3 mea
et al.. 1). Mp pneumonia accounted for 10.6-17.0 and 3.0—
20.8% of CAP in out- or in-patients settings, respectively, and the
frequency of ICU admission was relatively low (2-3.6%). Arnold
et al. showed that Mp is the most common atypical pneumo-
nia pathogen, accounting for 11-15% of CAP throughout the
world (Arnold et al., 2007). Serological studies in Denmark over a
50-year period showed that Mp infections exhibit epidemic peri-
odicity every 3—5 years, but this trend now seems to be getting
obscured (! i 757). Mp pneumonia occurs at any age,
but the incidence is less common in elderly, as compared with
young, adults (1im et al., 2009), and is highest among school-aged
children (Fov et al., 1979).

Macrolides were recommended for treatment of microbio-
logically defined Mp pneumonia. However, macrolide-resistant
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Table 1| Prevalence of Mycoplasma pneumoniae pneumonia in CAP.

Author Country Year N Out-Pts% Ward% ICU% Total% Mortality%
Cilloniz Spain 1996-2008 1463 17 3 2 4 3.1
Ngeow Asia 20012002 926 ND ND 3.6 1.4 ND
Baum German 200220086 4532 10.6 4.7 6.8 0.7
Marston USA 1991 1938 ND 20.8%* (5.4%) 20.8* (5.4%) ND
Arnold Whole world 2001-2006 4337 ND 12 12 ND

*definite case.
**definitive and possible cases.
N, number; ND, not determined; Out-Pts, out patients.

Mp was isolated from Japanese children, and the incidencc was
increasing in the early 2000s (41 ot oab 2iut), There

was a major concern that macrolide-resistant Mp had increased
locally and was spreading throughout the world. In East Asia,
macrolide-resistant Mp rapidly increased and became the cause
of the majority of clinically-proven Mp in both children and
adults. The prevalence of macrolide- 1651stant Mp vanes among
countrles and age groups ( Vhathe |

) (Table 2). For example, over 90% of lsolated Mp in
China was macrolide resistant, while no macrolide-resistant Mp
was found in the Netherlands. Generally, it became highly preva-
lent in East Asian countries including China, Japan and South
Korea, while being a medium or low prevalent in North America
and Europe, respectively. Macrolide-resistant Mp is reportedly
more prevalent in children, and the predominant point mutation
found was A2063G in domain V of 23S rRNA. Aside from geo-
graphical and racial differences between individual studies, the
application of different diagnostic techniques or criteria might
affect the epidemiology of Mp pneumonia in each study.

HUMAN PATHOLOGY AND BRONCHOALVEOLAR LAVAGE
FLUID

PATHOLOGY

Studies focused on the pathological description of human Mp
pneumonia have rarely been reported. However, pathological
examinations have been conducted on several different types of
specimens that were sampled using dlffelent techmques, eg,
autopsy specimens (1'a1 : L, 1967 Benisc
1972

et al. 1977
§0), open lung
1986:; Llibre

”“/ﬂ

¢t al. o ﬁia}sué‘.\

boletsky
|

ltas et al., 1986

2001

Faufman et al, and Wein
biopsy specimens (e
ctoal, 1997 Ebnother et al,
video-assisted thoracic surgery (VATS) specimens (¢ hun et :::i,\
1999) and transbronchlal lung biopsy speamens (\ur ik et al,

t crahl ivee Oy ¢ S, Accordmg
to these reports, the most characteristic pathologlcal feature of
human Mp pneumonia is a marked plasma cell-rich lymphocytic
infiltration in the peri-bronchovascular areas (PBVAs), with accu-
mulations of macrophages, neutrophils, and lymphocytes in the

alveolar spaces (Parker ¢t al., 19475 Rollins

s Rolling et all.

L DS P i
Wachowski ¢t al.,

(SRS I

Coultas ¢t al., 1986

Table 2 | Proportions of macrolide-resistant Mycoplasma pneumonia.

country  age  year Proportion
China Al gpps 2017
(hing all ages 5611
2010
2009
2008
Tajvsan Child 2011 TSI
2010 Em—y
lapan Child 200912
16-19 TSI R T TATA
20 :
SouthKorea  Child 2011 .
Adiult 1 mm——
torasl All ages  2010-11 oo einsu—1
Lanada All ages 2007-10 prrzred
USA All ages 1997-2008 7228
France All ages 2011 fosioios
Germany Al ages  2009-12 =
Genmark Allages  2010-2011 =
Netherland Al ages  1997-2008
0 20 40 60 30 100 g

_tl. i9u0). The presence of plasma cells in PBVAs might reflect
up- revulanon of humoral immunity via Mp infection.

BRONCHOALVEOLAR LAVAGE FLUID (BALF) FINDINGS

There have been several case series focused on BALF obtained
from human Mp pneumonia patients (- 1993,
213031); those studies demonstrated varying levels
of monocytes, polymorphonuclear leukocytes (PMNs), lympho-
cytes, eosinophils, and total cell counts. Among them, PMNs and
lymphocytes counts were relatively more increased than the other
cell types. The CD4 to CD8 ratios in the BALF were also elevated,
and ranged from 2.1 (Hayashi et al., 1986) to 3.5 &= 2.1 (Havashi
et al, 1993), irrespective of the sampling timing.

ayushi et al, 1980,

TUYR; oot al

PATHOGENESIS

ANIMAL MODELS

The incidence of Mp pneumonia is relatively low among the
elderly over 70 years old or children less than 5 years old. This
led to the hypothesis that elderly persons must be repeatedly
exposed to and respond immunologically to the organism with
clinical or subclinical progression. Indeed, as for cellular immu-
nity, Brunner et al. have suggested that the occurrence of clinical
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disease in adults is favored by prior sensitization induced by infec-
tion at an early age, causing large or small mononuclear cell
reactions (Brunner et al., 1973). This cellular response, lasting
several years, could be proved by Mp antigen-induced lympho-
cyte transformatron of cell suspensrons from previously infected
patients (Bil doetoall 19740 B i 1974). Tt is impor-
tant for us to understand immune responses attributed to Mp
pneumonia.

We designed five different mouse models for Mp pneumonia
(Figure 1) to examine the resultmg pathology in ammals hav-
ing various immune status (Sarava o al. 2007, 2011 Sarave
i113). Animals were perltoneally rmmunrzed w1th various regi-
mens (one per model) once a week (on days —14 and —7), then
1 week after the last immunization the animals were intratra-
cheally (IT) challenged with sonicated Mp antigen, as previously
reported (Sarave 2011). Among those models, only groups
immunized with Mp antigen and alum adjuvant (Figure 1E) or
CpG (Figure 1C) developed severe lymphocytic infiltration into
PBVAs at 96h after IT (Figures 2C,E) while, no inflammatory
cells were seen on models A and B (Figures 2A,B). However, the
pathognomonic feature for human Mp pneumonia was recon-
structed only in models D and E, in which lymphoplasmacytic
infiltration into PBVAs occurred 96h post-IT (Figures 2D,E).
Those results suggest that enhanced host immune responses, as
occurred in models C and E, against Mp antigen are required for
persistent inflammation in the lung, as well as Th2 characteristics
(produced by use of Th2 adjuvant, as in models D and E) causing
plasma cell infiltration into the PBVAs, but not Thl characteris-
tics (produced by use of the Thl adjuvant, CPG, as in the model
depicted in Figure 1C). Aluminum hydroxide adjuvant, named
alum, is well-known for initiating strong antigen-specific Th2
responses in the absence of interleukin(IL)-4- or IL-13-mediated
signaling (Brewer et al 1999); Th2 predominant characteris-
tics might be required to generate typical Mp pneumonia, even
in humans. Previous studies showed that the histopathologi-
cal score of Mp pneumonia is significantly higher in infected
BALB/c mice (Th2 predominant) than in C57BL/6 mice (Thl
predominant) through the late phase, suggesting differences in
host reactrons agamst mtranasally inoculated live Mp (Fo1

il ).k { ~+ describe the different
pathological ﬁndmgs in an M. pulmon15~1nfected mouse model
for treatment with IL-2 (Thl up-regulated) vs. cyclosporine A
(Th1 down-regulated).

Thus, the severity of Mp pneumonia seems to depend on
the host immune response to the infection through a complex-
ity of various mechanisms, including an allergic reaction to Mp,
Mp virulence, host defenses, and polarization toward Thl or
Th2 predominance, to name a few. In the context of allergic
reaction, IgE antibodies specific to Mp were detected in serum
samples from patients with Mp pneumonia, suggestive of IgE-
medrated hypersensrtrvrty( ipirmenietal, 1980 Yano etal., 1994
g ef ah 1oy \) as well as an mvolvement in asthma attacks
( erson : s :0304). In this review,
we will further dlscuss the pathomechamsms of Mp pneumo-
nia from the perspective of the virulence of Mp and presumed
host defenses based on findings obtained from our experimental
mouse models.

et al.,

(AP

Aien ¢t

)‘«.\‘

~>

D AN AN A0~

E 0N S VEGEN
a‘f\;’b D
s P antigen ot
Day-14 Day0

FIGURE 1 | Female BALB/c (7-week-old) mice were inoculated
intratracheally with Mp antigen with or without pre-immunization.
Pre-immunization was carried out by intraperitoneal injection at 7 and 14
days prior to the intratracheal (IT) challenge. Model A: IT without
pre-immunization. Model B: IT after twice pre-immunizing with Mp antigen
alone. Mode! C: IT after twice pre-immunizing with Mp antigen plus CpG.
Model D: IT after twice pre-immunizing with alum alone. Model E: IT after
twice pre-immunizing with Mp antigen plus alum. One week following the
last immunization, mice underwent [T with 50 ug of Mp antigen.
Bronchoalveolar lavage fluid (BALF) and lung specimens were obtained
before this process and 8, 24, 48, 96, and 168 h after IT. Mp: mycoplasma.

VIRULENCE OF MP
Lipoproteins
Lipoproteins from various Mycoplasma species have potent
inflammatory properties. Three lipoproteins/lipopeptides of M.
fermentans origin, macrophage-activating lipopeptide-2 (MALP-
2), P48, and M161Ag (identical to MALP-404), reportedly modu-
late the host i immune system via Toll-like receptor (TLR)- 2/TLR 6
51gna11ng ( ‘ ::E.; 002 Seva aind
Satstn
teins have been reported (Him .. 1997). Shimizu et al.
reported that the mycoplasma-derlved hpoprotems N- ALPI/N—
ALP2 (& : 206%) and FoFp-ATPase (“himiz H
2003) activated NF kB via TLR-1, 2 or TLR-1, 2, 6 31gnahng,
respectively. Stimulation of these TLRs has been known to be
related to production of chemokines (Brant and Fabisiak. 2008;
Andrew 2013) that promote lymphocyte and neutrophil
trafficking and mﬂammation in the lung.

¢all 20000 Ll

s et al.,

CARDS (Community Acquired Respiratory Distress Syndrome) toxin
Kannan et al. first demonstrated the possibility that Mp pro-
duces the CARDS toxin that is involved in the mediation of
disease (nvan ot al., 2003). The CARDS toxin is an ADP-
ribosylating and vacuolating toxin, with homology to the S1
subunit of pertussis toxin, that has a high affinity for surfac-
tant protein-A, suggesting a physiological role for the toxin in
the pulmonary compartment. In mice, intranasal inoculation
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FIGURE 2 | Histopathological examination of lung specimens. At 96h
post-intratracheal (IT) challenge, no inflammatory cells were seen in model
(A) A or (B) B specimens. Mild to moderate lymphocyte infiltration was
observed in the peribronchovascular area {PBVA) of {D) model D tissue.
Models {C) C and {E) E had more severe lymphocyte infiltration in the
PBVA. Plasmacyte infiltration within the PBVA was only recognized in
models D and E, and the number of infiltrating plasmacytes was
significantly higher in model E than model D. (F) High power magnification
of E. Hemotoxylin and eosin stain. A~F, 200x; E, 400x.

of recombinant CARDS toxin caused an increased level of pro-
inflammatory cytokines IL-1a, 1B, 6, 12, 17, Tumor necrosis
factor(TNF)-o, and Interferon-gamma (IFN) -y together with
elevation of Keratinocyte chemoattractant(KC), IL-8, regulated
on activation, normal T cell expressed and secreted (RANTES),
and G-CSF (i1 S "). However, to our knowledge,
there have been no reports of CARDS toxin identified in human
respiratory specimens.

Other factors

Mp produces a soluble hemolysin (- et al
1965), hydrogen peroxide and superoxide radxcals, Wthh pro-
duce oxidative stress in the respiratory epithelium, result-
ing in both structural and functional deterioration of cilia
(Waites and Talkington, 2004). Stimulation of human respira-
tory epithelial cells (A549 cells) in vitro with Mp lysate (MPL)
induced IL-8 production (Sohn e al. 2005). MPL induced
IL-8 release in a time- and dose-dependent manner together
with activation of extracellular signal-regulated kinase (ERK),
which was inhibited by PD98059, a specific inhibitor of ERK.
Chriura et al (20031 reported that the Mp membrane frac-
tion induced IL-8 on BEAS-2B human bronchial epithelial cells.
Our report (Hirao ot al., 2011) also demonstrated activation
of mitogen-activated protein kinase (MAPKs) on the alveolar

macrophage-like cell line, RAW264.6, by stimulation with Mp
antigen, as confirmed by significant suppression of IL-6 and
TNF-a production after preceding treatment with an MAPKs
inhibitor such as parthenolide (PAR: NF-kB inhibitor), SB20580
(SB, p38-linked signal of inhibitor), or LY294002 (LY, PI-3K
inhibitor). Thus, Mp antigen or live Mp can induce inflam-
matory cytokines in bronchial epithelial cells and in alveolar
macrophages (AMs).

HOST DEFENSES

Cellular immunity

Biberfeld et al. reported that the peripheral lymphocyte response
to a sonicate of Mp organisms or a membrane fraction was sig-
nificantly hlgher in recently infected patients than in healthy
patients (1 . The positive responsiveness to
sonicated Mp anugen was demonstrable up to 10 years after infec-
tion. Others also reported on the in vitro response of human
peuphexal lymphocytes to Mp antigen (- 2B !
1271), while tuberculin anergy in patlents with Mp pneumo-
nia was noted soon or fairly soon after onset. This has been
speculatively explained by the possibility that (1) lymphocytes
and macrophages needed for the skin reaction to tuberculin
are engaged in the immune response to the infecting agent,
or (2) a transient change of the T lymphocyte population
occurs (Bibwricid and Sterner. 1976). Tanaka et al. reported that
the rate of positive tuberculin tests during the acute stage of
Mp pneumonia was higher in patients with the nodular type
of pulmonary lesions on thoracic computed tomography than
those having the consolidation pattern. This finding suggests
that the level of current cell-mediated immunity might influ-
ence the pattern of pulmonary lesions. Another study showed
that delayed hypersensitivity was noted on skin testing with
Mp antigen of patients with Mp pneumonia (1

.

However, to our knowledge, no direct evidence from patients
with Mp pneumonia has been reported regarding the reactivity
of BALF lymphocytes to Mp antigen. In other words, it is still
under debate whether the lung inflammation of Mp pneumonia
is a specific reaction to the Mp antigen.

In consideration of this question, “uriva ot Gl 011
demonstrated a lack of specific response of lymphocytes
in the BALF to Mp antigen 96h post-IT using the 3H-
thymidine uptake test in an Mp pneumonia mouse model
(Figures 1D,E). The BALF cells in the lymphocyte gate
were 35.8% CD3 positive and 57.6% CD3 negative. Among
the CD3 positive cells, CD4—/CD8— cells were predom-
inant. The CD4 to CD$8 ratio was 0.02, which was a
lower value than that of human Mp pneumonia patients
(Mavashi et ol 1986, 1993), and the CD8 positive cells con-
sisted of naive cells (CD62L+"/ CD44+1°), effector mem-
ory cells (CD62L+°/CD44+M), and central memory cells

\L”l ¢t oalk

(CD62L+M/CD44+M), in that order (viwve 0 0T
(Figure 3). Cellular immunity seemed to play an important
role in development of Mp pneumonia (Fov et al, 1973

Broughton, 1986); the results given above might indicate that
non-specific reactions to Mp antigen govern the severity of lung
inflammation.
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FIGURE 3 | Flow cytometry analyses of CD3 positive lymphocytes from
the BALF of models D (1) and E (B) at 96 h post-intratracheal
challenge. CD8-positive cells predominated, and consisted of naive cells
(CDB2L+M/ CD44+'), effector memory cells (CD62L+°/CD44+M), and
central memory cells (CD62L-+"/CD44+M), in descending order.

Humoral immunity

The humoral immune responses in Mp pneumonia were
elucidated by the discovery of autoimmune-mediated phenom-
ena involving cross-reactive antibodies to host organs. Neurologic
manifestations following Mp infection can occur as a result of
molecular mimicry by carbohydrate moieties of the abundant gly—
cohpxds in the Mp membrane and the lipoglycan capsule (4
ctal, X ik, 2007). Autoimmune hematologic disorders can
also occur followmg Mp infection—transient brisk hemolytic
anemia, termed “paroxysmal cold hemogloblinuria.” As for lung
inflammation, how humoral immunity contributed to Mp pneu-
monia was unknown. However, patients with humoral deﬁciency
seemed to become chronic carriers of Mp (Tavior-Robinson
(1) or to undergo repeated episodes of Mp pneumoma
2l 1986) or severe arthritis (Tavicr-Robinson
i 4l 1983), phenomena indicating that humoral
immunity plays a role in protection against these organisms.

1
1)
v ol o,

Cytokine profile in blood and BALF

Cytokines are important components of the lung defense mech-
anism and inflammation (Vang ¢t 2. 2004). Here we describe
findings obtained from human patients and mouse models of Mp
pneumonia.

Cytokines in BALF of human Mp pneumonia. A few studies have
been reported concerning cytokine profiles in the BALF of human
Mp pneumonia patients. Koh et al. reported that IL-4 levels and
IL-4/IFN-y ratios in BALF are significantly higher in children
with Mp pneumonia than in patients with pneumococcal pneu-
monia or control participants (Kok <t al.. 2001). This suggests
that a Th2-like cytokine response in Mp pneumonia is predomi-
nant, representing a favorable condition for IgE production. Yano
et al. described an increased level of eosinophil cationic protein
in BALF of all 10 Mp pneumonia patients studied, supporting the
allergic aspects of Mp pneumonia (Yario ¢t al., 2001).

Cytokine profile of BALF in Mp pneumonia mouse models.
Previous reports of mice inoculated with live Mp described that
Mp induced an increase in BALF of the concentrations of IL-17,

had a significant increase in the levels of BALF cytokines, includ-
ing IL-6, MCP-1, and RANTES, 24 h post-IT, when compared to
those of model D mice (Figure 1) (Suravie ¢t ai. 2011), which
was thought to be attributable to antecedent immunization with
Mp antigen. Regarding the allergic aspect, Mp infection in air-
way epithelial cells can contribute to the pathogenesis of chronic
asthma by inducing RANTES and tumor growth factor-B1 (toh

et al.. 2005), We also generated another mouse model (in wh1ch
no adjuvant was used), as reported by Furai et ul (20100, in
which mice were intraperitoneally immunized with only Mp anti-
gen twice, on day —28 and day —21 (RI, repeated inoculation,
group) or had no pretreatment (SI, single inoculation, group),
followed by IT challenge with Mp antigen on day 0 for both
groups (Figure 4). In this Rl model, the levels of proinflamma-
tory or Th2 cytokines in BALE including IL-17, KC, 1L-6, TNFaq,
and IL-4, were significantly higher than those of the SI model
mice. Furthermore, immunohistochemical analysis of lung tissues
collected on day 1 revealed IL-23 positive alveolar macrophages
together with elevation of IL-17 both in the BALF and in the
supernatants of lung-derived cells cultured with Mp antigen,
Wthh suggested activation of the IL-23/IL-17 axis (I«
cunie, 2006). Likewise, Wu et al. reported that Mp infection
of mouse lungs can be prolonged when IL-23 mediated IL-17
production is neutralized (W ).

2
and

Lt

{shi

S A,u‘

Cytokine profile of blood in human Mp pneumonia. Tanaka
et al. reported that serum levels of IL-18 were elevated during
the acute phase of Mp pneumonia (tus 2002), which
suggested IL-18 and Th1 cytokines may play a sxgmﬁcant role in
the immunopathologic responses in Mp pneumonia. Conversely,
other reports described polarization to Th2 in Mp pneumonia,
because of increased Ievels of eosinophil cationic protein (63%,
17 of 27 cases) (. i(11) or the detection of IgE antibody
specxﬁc for Mp ( 1980 Yano ¢ al, 1994
1996), 1nd1catmg an allerolc aspect of human Mp pneumo-
nia. Esposxto et al. reported that children with acute Mp infection
and wheeze had higher IL-5 concentrations than did healthy con-
trols (Esposito o1 al., 2002). Matsuda et al. reported that serum
IFN-y, IL-6, and IP-10 (Interferon y-induced protein 10) lev-
els were higher in patients infected with macrolide-resistant Mp
genotypes than were those in patients infected with conventional
Mp strains (Matsuda ¢t al. 2013).

ika et al

3{‘ ;i\

ni et al.

of al.

What are the key players leading to lung inflammation in Mp
pneumonia?

We have postulated a process for the generation of human Mp
pneumonia, which is described in Figure 5 and in the following
sections.

Bronchial epithelial cells. Mp attaches to ciliated respiratory
epithelial cells at the base of the cilia by means of a complex ter-
minal organelle at one end of the elongated organism, which is
mediated by interactive adhesins and accessory proteins clustered
at the tip of the organelle. Briefly, Mp attaches to the bronchial

www.frontiersin.org
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Single inoculation (1)

R

BALB/c female 12 weeks old

‘& Intraperitoneal
tnoculation 50mg

FIGURE 4 | The “no adjuvant used” model was created by intraperitoneally
immunizing with only Mp antigen twice, on days —28 and —21 (for the R,
repeated inoculation, group) or without pre-treatment (for the S, single

» ‘ intratracheal
bays 59 PV AR 4 01234 7 inoculation 50mg
sample Nes mice N e
[Cels o006

E Cytokines K IXX) | Nrbmice fcach point
1HC ‘ N3 mie
Repeated inoculation (R1)
.
Days -28 »21 012 34 7

inoculation, group), followed by intratracheal challenge with Mp antigen
at day 0 for both groups. Those two models were evaluated at days 0, 1 2, 3,
4, and 7 by examination of bronchoalveolar lavage fluid or lung pathology.

epithelial cells via P1 adhesin (Fozim and fu 2., P30, and
other structures (HMWI HMW2, HMW4 HMWS P90, and
P65) (MWaites and tulkington, 200-0). Mp produces hydrogen per-
oxide and superoxide radicals, which induce oxidative stress in the
respiratory epithelium. Dakhama et al. reported that Mp upregu-
lated transforming growth factor (TGF)-p1 in primary cultures of
normal human bronchial epithelial cells (NHBE), and RANTES
in small airway epithelial cells (SAEC) (Dulhania et al. 2002),
which would act in vivo together with increased IL-8 production
on bronchial epithelial cells (Schu et al., 2003).

Alveolar macrophages. First, Mp attaches to the bronchial epithe-
lial cells. Next, macrophages, including AMs, would play a role
as an innate host defense mechanism; however, to our knowl-
edge there are no reports regarding the number of macrophages
recruited or pre-existing in the bronchial lumen. AMs are the
predominant macrophage type in the lung, constituting approxi-
mately 93% of the pulmonary macrophage population (»lurriot
and Dockrell, 2007). AMs originate from monocytes recruited
from the blood, but replication of AMs makes a minor contri-
bution to the total pool (Biusse Vau Oud Al sl UL,
In Mp pneumonia, it has been reported that TLR-2 signal-
ing is involved in inflammatory cell activation by Mp-derived
lipoproteins (Shimizu ¢t al, 2008). Chu et al. demonstrated that
expression of TLR-2 mRNA and protein on alveolar macrophages
and the recruitment of adaptor protein MyD88 increase after Mp
infection (Chu ¢t 2l 2003). AMs are early effectors of innate
immunity against any bacteria, and Mp was recognized via TLR1,
2, and 6 on AMs. Previously, studies using our models of germ-
free ( i B i 2in) and other gnotobiotic mice (-

ctal, 2009), as well as another study by Chu et al. using BALB/C
and CS?BL/6 mice (Chu et al. 2006), in turn demonstrated
that pre-immunization with live Mp or Mp antigen significantly
augmented inflammatory responses after the second challenge.
Likewise, Saraya et al. showed enhanced expression of TLR-2 on

bronchial epithelial cells and AMs after two immunizations with
Mp antlgens plus adjuvant alum (Figures 1E, 2E,F) (Sorava ot al.
¢ Sarave, 2i15). Based on those animal model studles, it is
likely that subdinical, latent infection with Mp in the lower res-
piratory tracts may up-regulate TLR-2 expression on AMs and
bronchial epithelial cells, which augments Mp reactivity.

AMs can also secrete proinflammatory cytokines (IL-6,
TNF-«, and IL-1p), IL-18, MIP-1a, KC, RANTES, IL-12, IL-
23, and MCP-1 (Sarava o al 2011 Kurai Narita
ot sl 2e00), which are associated with neutrophilic infiltration.
Although the number of AMs after two immunizations (mod-
els D and E, Figures 1D,E) was equal, we demonstrated that the
accumulation of abundant neutrophils in the alveolar spaces as
early as 8 h post-IT in model E (Figure 1E) was attributable to
the effect of antecedent immunization with Mp antigen, as com-
pared with model D animals (Figure 1D) (Sarvva ¢t wl. 2011).
Vigorous recruitment of neutrophils is one of the most important
components of the initial innate immune response (¢ raiz ¢t al.,
2009). Immunohistochemical analysis at 8h post-IT of Model
E (Figure 1E) showed that AMs secreted RANTES, which is a
known, potent chemoattractant for neutrophils or lymphocytes.
However, abundant recruited neutrophils in the alveolar spaces
did not produce RANTES (Figure 6A). Bronchial epithelial cells
were also immunohistochemically stained with RANTES at 48 h
post-IT (Figure 6B).

In this regard, our mouse models for Mp pneumonia
(Figure 1E) indicated the possibility that even in humans, latent
respiratory infection might trigger the inflammation or enhance
the host defense through up-regulation of TLR-2 expression on
bronchial epithelial cells and AMs, followed by production of IL-
23-dependent IL-17 production (Vi ¢ b, 2007
20132) or other chemokines, including RANTES.
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Lymphocytes. As mentioned above in the Section “Host defenses,”
for human Mp pneumonia, to our knowledge, no data are
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FIGURE 5 | Postulated sct for pathog is of human Mp
pneumonia. CARDS, Community Acquired Respiratory Distress Syndrome;
TNFE tumor necrosis factor; RANTES, regulated on activation; normal T cell
expressed and secreted; MCP-1, monocyte chemotactic protein-1.

FIGURE 6 | Immunohistochemical staining with RANTES at 8 h and

48 h post-IT challenge. (A) AMs secreted RANTES as early as 8h after IT
challenge; abundant recruited neutrophils in afveolar spaces did not produce
RANTES. (B) Bronchial epithelial cells positive for RANTES at 48 h post-IT.

available regarding whether the presence of lymphocytes in the
lung or BALF is due to a specific reaction to Mp. Regarding
memory T cells, no combination of chemokine receptors and/or
adhesion molecules has apparently been identified to date that
imparts a preferential migration to the bronchial compartment or
alveolar compartment (Pabst and Tschernig, 1995 Wardlaw et al.,

Woodland, 200¢), Lymphocytes constitute
about 10% of all cells in the BALF of healthy adults. Less than 10%
of the lymphocytes in the BALF are B cells, and among the T cells,
CD4+ cells outnumber CD84 cells (Pab 1997),
with a CD4+4-/CD8+ ratio of 1.7 (Pubst s tuus),
There are more so-called “memory” (>85%) than naive’ lem-
phocytes in the BALF, which is different from the composmon of
lymphocytes in other lung compartments (Pabe

997). Studies using our mouse model E (Sarava of ol 20
showed that CCL5 (also known as RANTES) was hlghly expressed
in lung cells, including bronchial epithelial cells, AMs, and lym-
phocytes. RANTES is produced by activated T cells, fibroblasts,
platelets, kidney epithelial cells, macrophages, and endothelial
cells, and is chemotactlc for memory T cells, monocytes, and
eosmophlls (sehall ! : 3

1996) as well as neutrophlls (A 1), triggering its recep-
tor, CCR5 (¢ hare an ). Use of our model E
demonstrated CCRS posmve lymphocytes in the PBVA, implicat-
ing the contribution of RANTES in lung inflammation. Thus, as
mentioned in the “Host defenses” Section above, various proin-
flammatory cytokines and C-C chemokines (RANTES, MCP-1)
(Gunm eral, 1997) might be key players in
the development of Mp pneumoma, both in the acute and chronic
phases (C« nd Digioacchins, 2041). Of note, lung pathology
seemed to differ accordln to host characterlstlcs (Thl, Th2, and
Th17) which might be a non-specific reaction to Mp.

20050 Kohlmeler and

1997 Tohnsion ¢t 4l

CLINICAL FEATURES

GENERAL ASPECTS

Mp infection is usually self-limited and rarely fatal. Mp infec-
tion causes both upper and lower respiratory infections, and
pneumonia occurs in 3-13% of infected persons (Chide, 1993).
Clinical features of Mp infection vary among different ages, in
that patients under 2 years of age tend to have upper respira-
tory infections, while 6-19-year-olds tend to have pneumonia
(Fov et al. 1971). Two major subtypes of
the P1 gene are known to occur in Mp, and this subtype shift
phenomenon may have a relation to Mp pneumonia outbreaks
(Kenri et o i60#). The severity of Mp pneumonia seems to
depend on the Mp bacterial load rather than Mp subtype (~ilsson
¢t @b, 2010). The incubation period for Mp infection is about
2—4 weeks, and characteristic findings of adult Mp pneumo-
nia are younger age, fewer comorbid diseases, shorter length of
stay in hospital, and lower mortality than any other group of
CAP patients. Prospective studies of patients with Mp pneumonia
from Germany (Von Baum 2069) and Japan (Geto, 2011)
revealed average (mean - SD) ages of 41 & 16 and 37.7 £ 16.6,
respectively.

Severity scores are widely used for assessing the requirement
for admission or when describing mortality rates, including the
pneumonia severity index (PSI) or CURB-65 (Uilloniz et al.

111). Gradual onset of respiratory or constitutional symptoms
such as cough, fever, headache, and malaise are relatively com-
mon symptoms in Mp pneumonia. In particular, dry cough
was usually observed in patients during early-phase Mp pneu-
monia, but it persists for a long period as a typical symptom.
Gota (20111 reported that the mean body temperature in adult

POty Denmy et ol
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Japanese patients with Mp pneumonia was 37.7 & 1.0°C and
that 29.2% of patients had a temperature no greater than 37.0°C.
Analysis of physical examination data revealed that more than half
of patients with Mp pneumonia had no audible crackles and were
likely to have late-inspiratory crackles as compared with those
infected with typical pathogens (™ovisie 1 o] ). On labo-
ratory examination, Mp pneumonia patlents had rchtlvely lower
leukocyte counts than did those having pneumonia from other
causes (Voo METEDR

Macrolide was not the preferable treatment for S. pneumoniae
pneumonia, as opposed to pneumonia from atypical pathogens,
including Mp because highly macrolide-resistant Streptococcus
preumoniae was emerging to become dominant in Japan (¢
). The Japanese Respiratory Society (JRS) recom-
mended discrimination of atyplcal pneumonns ﬁom CAP due
to other pathog:ns (x o ,

Clety Lt } i :
and ploposed six chaxacterlstu, signs and symptoms of Mp pneu-
monia that can easily discriminate the two. Indeed, Yin et al.
confirmed that use of these criteria has high sensitivity (88.7%)
and specificity (77.5%) (1 1wl 201 2) for the diagnosis of Mp
pneumonia if four or more of the proposed factors are present.
The six factors are as follows: (i) <60 years of age; (ii) absence
of, or only minor, underlying diseases; (iii) stubborn cough; (iv)
adverse findings on chest auscultation; (v) absence of sputum or
identifiable etiological agent by rapid diagnostic testing; and (vi)
a peripheral white blood cell count <10,000/1 L.

SPECIAL CIRCUMSTANCES
Latent respiratory infection/asymptomatic carrier
Mp pneumonia is a one of the leading causes of CAP, and it may
exacerbate symptoms of underlying asthma (Wisar ot ub. 2007),
especially in up to 25% of children with wheezing (! (¢
ot al, 1979); it was identified in 20% of exacerbatlons in asth-
matic children requiring hospitalization and in 50% of chil-
dren experiencing their first asthmatic attack (1 ol
). Spuesens et al. demonstrated that Mp was carned at
hlgh rates in the upper respiratory tracts of healthy children
(Spucsens o oL, 2045), However, Cunningham et al. could not
conﬁrm the relatlonshlp between asthma symptoms and Mp
infection in children aged 9-11 years (Cunningham o al. 1998).
Another study showed that most Mp patients, posmve by PCR,
had respiratory symptoms; that Mp DNA might be detected
several months after acute infection; and that asymptomatic
carriage of Mp is uncommon even after the outbreak period
(Nilsson et al, 2008).

Especially for adults, to our knowledge, there have been few
reports regarding the frequency of latent respiratory infection
with Mp. Wadowsky et al. reported that tests of 473 respira-
tory specimens by culture, PCR, or both identified only four
episodes (0.8%) of Mp-associated 1llness in adolescents and adults
(n = 491) with persistent cough (V= Lot oal 7). Thus,
the frequency of the Mp carrier state or the bacterlal load might
be different between children and adults, or between healthy and
asthmatic individuals. Indeed, our epidemiological data through-
out the year demonstrated that among admitted adult patients
with diverse respiratory diseases, including acute exacerbation of

S07

idiopathic interstitial pneumonia (n = 15), pneumonia (n = 43),
asthma attack (n = 14), and exacerbation of COPD (n = 11),
there were 4 cases of definite Mp pneumonia as diagnosed by a CF
antibody titer increased > 4-fold or passive particle agglutination
test > 640, but with no identifiable Mp in the throat/nasopharynx
or sputum by both culture and PCR methods (ki

s0) (Figure 7). This might reflect the fact that Mp acted
only to trigger the lower respiratory symptoms or pneumonia,
but the bacterial load was low, resulting in a latent respira-
tory infection or even in Mp pneumonia, especially in adult
patients.

Macrolide-resistant Mp pneumonia

Macrolide-resistant Mp emerged and was widespread in East Asia
after 2000. The reasons for the regional differences in macrolide-
resistant Mp have not been elucidated. The A2063G mutation
has been found to be most prevalent in macrolide resistant
Mp isolates, followed by the A2064G mutation; these mutations
are associated with increased minimum inhibitory concentra-
tions to macrolides, including erythromycin, azithromycin, and
clarithromycin.

Previous studies revealed that macrolide-resistant Mp pneu-
monia patients had a prolonged fever compared to those with
macrolide- susceptlble Mp pneumoma, in both ch11dren and
adults ¢ 1 )

Go LA el alb, 20

| 12). In patients w1th macrohde resistant
Mp pneumonia, chmcal findings, including symptoms, labora-
tory results, radiology, the complication of respiratory failure,
and mortality were not different from those of patients with
macrolide-susceptible Mp pneumonia. However, persistent fever
over 48 h after initiation of macrolide may point to the presence
of macrolide-resistant Mp (1iv ) 5.

BPrzumonz
Oips
3 Asthms

DCoPD

15% (n=15H

FIGURE 7 | Epidemiological data of adult patients admitted
throughout the year to Kyorin University Hospital for respiratory
disease. Diagnoses consisted of acute exacerbation of idiopathic interstitial
pneumonias (n == 15, 18%); pneumonia (n = 43, 52%), including 4 cases of
definite Mp pneumonia diagnosed by CF antibody titer of > fourfold or
passive particle agglutination test >640; asthma attack (n = 14, 17%); and
exacerbation of COPD (n = 11, 13%).
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Fulminant Mp pneumonia
Mp pneumonia is usually mild and rarely fatal. The severity of Mp
pneumonia seems to depend on the Mp bacterial load rather than
the Mp genotype (i ) et ). Among patients with Mp
pneumonia, 3-4% develop severe, life-threatening illness with
resplratory faulure and acute resplratory dlstress syndrome (Hok

). Two groups ( Thanand .
tl.. 2007) reported that the delayed admln—
istration of adequate antimicrobials was noted in severe Mp
pneumonia patients, at an average of 9.3 or 15 days, respectively,
which may be the most important reason for the development of
fatal respiratory failure. However, some cases who had adequate
antimicrobials within 3 days after the onset of the disease pro-
gressed to respiratory failure (i : L. 2007). Izumikawa
et al. reviewed 52 Iapanese cases of fulrnlnant Mp pneumonia
¢ 2ti14), which was defined as the presence of
Mp pneumonia w1th hypoxxa, and reported that no apparent risk
factors for fulminant Mp pneumonia were identified, but con-
cluded that initial inappropriate use of antimicrobials may be a
risk factor.

i RASUEIEGH V“,,‘

RADIOLOGICAL FEATURES

A wide spectrum of findings on thin-section CT have been
reported, such as ground glass opacities (GGO), consolidation,
bronchial wall thickening, centrilobular nodules, interlobular
septal thickening, pleural effusion, mosaic attenua‘uon, air trap-
pmg, and lymphadenopathy ( §oab. 200 ‘
CChiu et al A L ).
Each of those radiological findings are non- spec1ﬁc, but Mlyashxta
et al. reported that bronchial wall thickening and centrilobu-
lar nodules on thoracic CT would be a clue to the diagnosis
(¢ v et ab, 2009). Figure 8 shows typical HRCT findings
such as consohdatmn with air bronchograms surrounded by a
crazy paving appearance (A), consolidation with reticular shadow
(B), consolidation with GGO (C), GGO with interlobular sep-
tal thickening (D), crazy paving appearance (E), bronchial wall
thickening with centrilobular nodules (F), diffuse centrilobular
nodules.

20060 Lee et al.

i

DIAGNOSTIC METHODS

CULTURE

Culture is the “gold standard” method for diagnosis of Mp infec-
tion and is essential for further analysis, including drug resistance
tests, although it is useless as a rapid diagnostic method because
of the low sensitivity and the need for incubation for several weeks
in specialized culture medium.

SEROLOGICAL METHODS

There are many diagnostic serological tests, although these
serological tests and their interpretations are not standardized.
Serological methods, such as complement fixation (CF), passive
agglutination (PA), and detection of IgG and IgM by enzyme
immunoassays (EIA) were conventionally used for diagnosis of
Mp infection. CF tests measure IgM and IgG antibodies together,
but these antibodies are non-specific. The target for PA tests

FIGURE 8 | The HRCT findings of Mp pneumonia are characterized as
(A) consolidation with air bronchogram surrounded by a crazy paving
appearance, (B) consolidation with reticular shadow, {C) consolidation
with GGO, (D) GGO with intedobular septal thickening, crazy paving
appearance, (E) bronchial wall thickening with centrilobular nodules,
(F) diffuse centrilobular nodules.
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FIGURE 9 | Model E, the clarithromycin (CAM)-treated murine model.
Just before intratracheal challenge (IT) with Mp antigen, mice were divided
into 3 treatment regimen groups. All were orally treated once a day with
CAM (12.5 mg/kg/day or 25 mg/kg/day) or vehicle for 2 consecutive weeks.
CAM, clarithromycin; IT, intratracheal challenge; PO, per os; BALF, bronchial
alveolar lavage fluid.

was mainly IgM antibody, but seemed to be less specific for Mp
than the Mp-specific IgM enzyme-linked immunosorbent assays
(ELISA) (Barker et al., 1990).

Paired sera for CF, PA and Mp-specific IgG EIA tests are widely
used for epidemiological studies and are regarded as a standard
method for diagnosis. The definition of Mp infection was based
on the serological finding of a four-fold titer rise (in CF or PA
tests), and seroconversion or a significant increase, of Mp IgG
during the convalescent phase compared with the acute phase.
Single high titers were also considered markers of Mp infection,
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and the difference of cut-off titer used in various studies has a
great impact on the resulting epidemiological data. If either CF
titers are higher than 1:64 or 1:128, or PA titers arc higher than
I: 320 or 1 640, a dlag11051s of Mp mfectlon was madc .

a et all : 0 ) Measurement of Mp—
speaﬁc IgM anubodws by EIA has been commercially available
for the diagnosis of Mp infection during the early phase. & !
etal i reported that twelve IgM EIA assays showed various
diagnostic yields when compared to PCR-proved Mp pneumo-
nia as the reference standard. The sensitivity and specificity of
these IgM EIA assays were 35-77% and 49-100%, respectively,
and those assays had low diagnostic yields within a week after
initial onset. Mp-specific IgM (EIA) assays were less useful for
adults with autoantibodies or other infectious diseases, such as
Epstein-Barr virus, Streptococcus pyogenes and Treponema pal-
lidum, because of the tendency of these to produce false positives

(e

NUCLEIC ACID AMPLIFICATION METHODS

Polymerase chain reaction (PCR)-based methods using respira-
tory samples have been developed for rapid Mp diagnosis. This
application was limited to select hospitals because complicated
procedures and expensive systems are required. Diagnosis of Mp
infection using PCR was inconsistent among individual stud-
ies because of many factors, as follows: patients’ ages; intervals
between onset of symptoms and sampling specimens; types of
specimen sampling methods, target lesion of PCR and techni-
cal procedures (R«

ctal. 2009). He et al. showed that PCR- based dlagnosw was supe-
tior to IgM -based diagnosis in Mp-infected patients less than 3
years of age; an immature immune response to Mp may explain
this discrepancy (i « t+15). A meta-analysis of PCR-based
diagnosis for Mp infection showed that sensitivity and specificity
were 0.62 (95% ClI, 045—0 76) and 0.96 (95% CI, 0.93-0.98),
respectively (/

As for Mp pneumonia, PCR and serological diagnosis had
good concordance in adult patients; PCR-based diagnosis had
lower sensitivity (66.7%) compared to serological diagnosis as the
reference standard. This result was consistent with those in other
reports on Mp CAP in adults (Piicher et al, 2006: Martinez et al,

008: Qur et al, 2015), The sensitivity and spec1ﬁc1ty of PCR-based
dlagnosw in these studies were 40.7-66.7% and 88.8-98.5%,
respectively; the reference standard was a serological diagnosis
(Table 3).

Loens et al. and Raty et al. described that if a sputum sample
is available, it might be better for Mp detection in patients with
Mp pneumonia than nasopharyngeal or oropharyngeal swabs
(Rary et al, 2003 Loens et al. 2009). A nucleic acid amplifi-
cation method, termed loop-mediated isothermal amplification
(LAMP), was introduced in order to improve the complicated sys-
tem of PCR, and LAMP results were concordant with PCR results
(Saito et al, 2

In the early phase of the illness, the preferred diagnostic meth-
ods seemed to be culture and nucleic acid amplification. In the
late phase, those methods are useless because of the low Mp
load in the airways; furthermore, regarding the limited value of

Coabl J06R0 Lo [ hurman

Table 3 | Comparison of diagnostic methods.

Sensitivity {%)  Specificity {%) Comment

55.6 94.9

Isolation of Mp is
slow and
insensitive, and
therefore is not
recommended for

routine use.

Culture

88.8-98.5 Rapid diagnosis is
possible, but is
costly and
complicated
procedures are
needed. Therefore
PCR-based
diagnosis is limited
to a few
laboratories.

PCR 40.7-66.7

49-100 Diagnostic yields
for Mp 1gM tests
were variable,
according to
available assays.
Use of paired sera
for CF, PA or IgG
analysis is
preferable.

Serology 74-77

IgM

(IR T8 e o e A ). Most of data are from

lower respiratory infections in adults, /nc/udmg pneumonia patients.

single serum samples, paired serological examinations would be
required for diagnosis ( [hurman ¢1 ol 2009), In conclusion, no
reliable simple method exists for accurate diagnosis; therefore, we
recommend the culture and nucleic acid amplification in the early
phase, and serological examinations in the late phase, respec-
tively, especially in the patients with severe pneumonia and/or
who satisfied four or more of the proposed factors as described
in “General aspects.”

EXTRAPULMONARY MANIFESTATIONS

Although direct invasion, neurotoxin production, or an immune-
mediated process have been proposed, the mechanisms under-
lying extrapulmonary manifestations of Mp infection remain
largely unknown. These are diverse (Fov Lind,
19831 Narita. 2010) and include central nervous system diseases
such as encephalitis, aseptic meningitis polyradiculitis, cerebellar
ataxia, and myelitis (Guleria et ol 2003, 2006);
cardiovascular diseases such as perlcardltis, endocarditis, and
myocarditis; the dermatological diseases Stevens-Johnson syn-
drome, erythema multiforme (Cherry, Lamoreux et al,
1), erythema nodosum, anaphylactoid purpura, and acute
urticaria (Kano ¢l al, 2007); hematological diseases includ-
ing autoimmune hemolytic anemia (cold agglutinin disease),
hemophagocytic syndrome, disseminated intravascular coag-
ulation, and thrombocytopenic purpura (Cassell and Cole,
1941); inflammatory diseases including conjunctivitis, iritis

et al, 1983

Tajodras et al.,

1993;
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FIGURE 10 | Sequential analysis of bronchial alveolar lavage fluid at days 2, 4, 7, and 14 after intratracheal challenge. (A} No significant difference in the
neutrophil count was seen. (B} Number of lymphocytes in the CAM-treated groups was significantly suppressed dose-dependently at days 4 and 7.
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FIGURE 11 | Lymphoplasmacytic infiltration within the PBVA was
markedly suppressed in the (A) CAM50 group as compared with the
(B) vehicle group. PBVA, peribronchovascular area.

[

(Salzman <t uveitis (% 3 0e), an
arthritis (Franz ot ul. 1997); and otitis media. The presence of
these extrapulmonary manifestations is itself evidence of human
immune system interaction with Mp.

TREATMENT
The recommended therapy for microbiologically confirmed Mp
pneumonia is use of macrolides (CAM: clarithromycin and AZM:
azithromycin) or tetracyclines, and fluoroquinolones are an alter-
native choice (Lim ot al., 20609). However, neither tetracyclines nor
fluoroquinolones are recommended for young children under 8
years of age because of their adverse effects, such as permanent
yellowing or graying of the teeth, and abnormalities of articular
cartilage and the QT interval. Therefore, macrolide-resistant Mp
pneumonia is a major concern for children who require treat-
ment. Several studies showed that macrolide-resistant Mp was
susceptible to tetracycline and fluoroquinolone in vitro (Eshaghi
et al, 2013 Heng et al, 2013). Minocycline or doxycycline,
both tetracyclines, quickly decreased the loads of macrolide-
resistant Mp and were effective against the resistant pathogen
in humans. Okada et al. showed that tosufloxacin, a fluoro-
quinolone, seemed to be inferior to minocycline or doxycy-
cline in clinical use (Okada et al., 2012). However, macrolides
have an immunomodulatory or bacteriological effects even on a
mouse model with macrolide-resistant Mp strain (Kurata et al,

11145). Therefore, even in the area of high resistant to macrolides
such as Japan, JRS recommend the use of macrolides as first
therapy for Mp pneumonia together with the use of method
for differential diagnosis of atypical pneumonia and bacterial
pneumonia.

Infectious Diseases Society of America (IDSA) and the
American Thoracic Society (ATS) joint guidelines on adult CAP
described that patients with CAP should be treated for a min-
imum of 5 days (level I evidence), and most patient become
clinically stable within 37 days, so longer durations of therapy
are rarely necessary (1 a 17), but JRS guidelines does
not refer to the optimal duration of the treatment. Smith CB et al.
showed that tetracycline and erythromycin improve symptoms in
adult volunteers who experimentally infected with Mp, but recur-
rence of Mp pneumonia was noted after completion of 7 days
treatment with tetracycline (Sinith et ol 1967).

Thus, the optimal antimicrobial dosage and duration are not
clear; however, 10-14 days of therapy is generally recommended.
Effective treatment of Mp pneumonia shortens the duration
of fever and mlght prevent aggravation (Dennv ot gl 1971

A 208).

arcletic
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IMMUNOMODULATIVE EFFECTS OF MACROLIDE THERAPY

Macrolides have direct effects on neutrophil function and
production of cytokines involved in inflammation cascades
(Zarogoulidis et al. 20 i2).

For Mp mfectlons, 14- or 15-membered ring macrolides usu-
ally are considered the first-line agents, which are well known
for anti-inflammatory, immunomodulative effects (Wales and
Woodhead, 1999). CAM is a macrolide with a 14-atom lac-
tone ring, and attenuation of inflammatory responses has been
reported in both animal models of Mp pneumonia (Kurata ¢t al.,

201 :) and in humans with respiratory diseases (Kudoh ot al.,

To examine the immunomodulative effects of CAM, mice in
model E (Figure 1E) were treated with three different regimens,
as follows: (Figure 9) orally with CAM at two doses (CAM12.5
group: 12.5 mg/kg/day or CAM50 group: 50 mg/kg/day); or with
vehicle (methylcellulose), all at 1.5h just before IT with Mp
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