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INTRODUSTION

d pheumonia
Knowledge regarding M p pneumonia obiained from animal models or human subjects has
been discussed in many different reports. Accum ulated expertise concerning this critical
issue has been hard to apply clinically. and potential problems may remain undiscoverad.
Therefore, our multidisciplinary team extensively reviewed the literature regarding Mp
pneumonia, and com pared findings from animal models with those from human subjscts.
In human beings, the characteristic pathological features of Mp pneumonia have been
reported as alveolar infiltration with neutrophils and lvm phocytes and lymphocyte blasma
cell infiltrates in the peri-bronchovasculararsa. Herein, we demonstrated the novel aspects
of M p pneumonia that the severity of the M p prieumonia seemed to depend on the host
innate immunity to the Mp, which might be accelerated by antecedent M p exposurs
{re-exposure or latent respiratory infection) through upregulation of TollHike receptor
2 expression on bronchial epitheligl cells and alveolar macrophages. The macrelides
therapy might be benefical for the patients with macrolide-resistant M p pneumonia via
not bacteriological but immunomodulative effects. This exhaustive review focuses on
pathogzenesiz and extends o 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

M veoplasma preumoniae (Mp) is a leading cause of community acquire

Keywords: Mycoplasma pneumoniae pneumonia, aniral models, epidemiolo gy, pathology, pathogenesis

influence the results of eficlogical studies of infectious diseasss.

M veoplasma pneumonias (Mp) was first isolated in tissue culture
from the sputum of a patient with primary atypical pneumonia
by Faton et o, {1944}, This “Eaton = agent” was shown to be a
M yeoplagma species in 1961, Chanock et al. succeeded in cultur~
ing Baton's agent in mammalian cell-free medium and proposed
the taxonomic designation Mp in 1983 (Chenachk of &b, 1562;
Chanods, 1953). Mp isaunique organism that lacks acell wall in
any circumstances, and does not need a host cell for replication.
This organism causes a variety of clinical presentations, from sslf-
limiting 1o life~threateninz. The disease severity seems to depend
on the degree of hosts defenses. In this review, we focussd on
the pathogenesis of Mp pneumonia from the perspective of host
defenses, based on findings from our mouse models,

EFIDEMIDLOGY

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

Table | summarizes the proportions of adult Mp preurnonia
among CAP populations enrolled in several }a.rge—sca.le sm:hes

H

con:iucte:i in various counmes( eu\m“ st al,,
=1 al., 200% Arncld sta {3 Von Peum etal,, 3
et al, 2011). Mp pneumonia accounte:l for 108 17 0 an:i 3 0
208% of CAPin out-or in-patientssettings, respectively, and the
frequency of ICU admission was relativelvlow {2 3.6% ). Arnold
¢t al. showed that Mp is the most common atypical pneumo-—
nia pathogen, accounting for 11 1% of CAP throughout the
world (Zrnoid etal, 2007). Serologeal studies in Denmark overa
30-vear period showed that Mp infections exhibit epidemic peri—
odicity every 3 5 years, but this frend now seemns o be getting
obscured {Lind ¢t al. 1997}, Mp pneumonia ocours at any age,
but the incidence is less common in elderly, as compared with
young, adults(Lim st al ), and ishighestamon g school-aged
children {Frvet al, 1979),
IMacrolides were reoommerxdeﬂ for treatment of microbio~

logically defined Mp pneumonia. However, macrolide-resstant
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Table 1| Prevalence of Mycoplasma pneumoniae pneumonia in CAR

N

Total%

Author Country Year Out-Ptsh Ward% [CU% Moi’talltym
Cilloniz Spain 1996~2008 1463 17 3 2 4 3.1
Ngeow Asia 2001-2002 926 ND ND 3.6 1.4 ND
Baum German 2002-2006 4532 10.6 4.7 6.8 0.7

M arston USA 1991 1938 ND 20.8%# (5.4%) 20.8% (5.4%) ND
Arnold Whole world 2001-2006 4337 ND 12

(M arston et al., 1997 Ngoow et al,
*definite case.

*#*definitive and possible cases.
N, number; ND, not determinad; Out-Pts, out patients,

Mp was isolated from Japanese children, and the incidence was
increasing in the early 2000s (Matsuoka ¢t al., 2004), There
was a major concern that macrolideresistant Mp had increased
locally and was spreading throughout the world. In East Asia,
macrolideresistant Mp rapidly increased and became the cause
of the majority of clinically-proven Mp in both children and
adults. The prevalence of macrolideresistant Mp varies among
countries and age groups (Averbuch et al,, 2011; Akaike et al.,
2012; Miyashita et al., 2012; Spuesens et al., 2012; Uldum et al.,
2012; Yamada et al., 2012; Yoo et al,, 2012; Dumke et al., 2013;
Eshaghi et al., 2013; Perevre et al., 2013; Wu et al., 2013; Zhao
et al., 2013) (‘Iab e2). For exam ple, over 90% of isolated Mp in
China was macrolide resistant, while no macrolide-resistant Mp
was found in the Netherlands. Generally, it becam e highly preva—
lent in East Asian countries including China, Japan and South
Korea, while being a medium or low prevalent in North America
and Burope, 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 different techniques; e.g.,
autopsy specimens (Parker et al., 1947; \/lcuade al., 1967; Benisch
et al., 1972; Mevers and ”fl%dlmdﬂ 1972; Halal et al,, 1977,
Kaufman et al., 1980; Koletsky and Weinstein, 1980), open lung
biopsy spec1m ens (Coultas el al., 1986; Rollins et al., 1986; Llibre
et al., 1997; Ebnother et al., 2001; Wachowski et al., 2003),
video—assisted thoracic surgery (VATS) specimens (Chan et al.,
1999) and transbronchial lung biopsy specimens (Ganick et al.,
1980; Nakajima ot al., 1996; Qhmichi ot al., 1998). According
to these reports, the most characteristic pathological feature of
human Mp pneumoniaisa 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 et al., 1947; Coultas et al., 1986; Rollins

12 ND

200@ Armold et al., 2007; Von Baum et al., 20% Cilloniz et al., 2(}1&)

Table 2 | F’ropomons of macrolide-resistant Myooplasmd pneumonia.

age year

country Proportion
| 2012 . w—
China All ages 3011
2010
2009
2008
Taiwan Child 2011 ———
2010 S——
Japan Child 200912
<15
16-19 200811 é T
| ———
20-
SouthKorea  Child 2011 ii
Adult I—
fsrael All ages  2016-11 m::..—.:::
Canada Allages  2007-10 brzcee]
USA Allages  1997.2008  m2zn
France Aliages 2011 fesa]
Germany Al ages 200912 =)
Demmark Allages  2010-2011
Metherdand  All ages  1997-2008 |
a 20 a0 60 B0 100 o

et al., 1986), The presence of plasma cells in PBVAs might refiect
up-regulation of humoral immunity via M p infection.

BRONCHOALVEOLAR LAVAGE FLUID (BALF) FINDINGS

There have been several case series focused on BALRR obtained
from human Mp pneum onia patients (I layashi et al., 1986, 1993,
1998; Yano et al,, 2001); those studies dem onstrated varying levels
of monocytes, polymorphonuclear leukocytes (PMNs), lympho~
cytes, eosinophils, and total cell counts. Among them, PMNsand
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 (I1ayashi et al., 1986) to 3.5 == 2.1 (I layashi
et al., 1993), irrespective of the sam phng timing.

PATHOGENESIS

ANIMALMODELS

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 adultsis 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 vears, could be proved by Mp antigen-induced lympho-
cyte transform ati on of cell suspensions from previously infected
patients (Biberfeld et al., 1974; Biberfeld, 1974). It 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 resulting pathology in animals hav—
ing various immune status (Saraya et al., 2007b, 2011; Sarava,
2013). Animals were peritoneally im mumzed with 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 (Sarava et al., 2011). Among those models, only groups
immunized with Mp antlgen and alum adjuvant (Figure 1B) 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 (Figures2D,B).
Those results suggest that enhanced host immune responses, as
occurred in models C and E, against Mp antigen are required for
persistent inflamm ation in the lung, as well as Th2 characteristics
(produced by use of Th2 adjuvant, asin models D and E) causing
plasma cell infiltration into the PBVASs, but not Th1 characteris—
tics (produced by use of the Th1 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 [L-13-m ediated
signaling (Brewer et al.,, 1999); Th2 predominant characteris-
tics might be required Lo generate typical Mp pneumonia, even
in humans. Previous studies showed that the histopathologi~
cal score of Mp pneumonia is significantly higher in infected
BALB/ mice (Th2 predominant) than in C57BL/ mice (Thl
predominant) through the late phase, suggesting differences in
host reactions against intranasally-inoculated live Mp (IFonseca~
Aten et al., 2005). Tanaka et al. (1996) describe the different
pathological findings in an M. pulmonis-infected mouse model
for treatment with 1L-2 (Th1 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-
mediated hypersensitivity (Tipirneni et al., 1980; Yano et al., 1994;
Seggev et al., 1996) as well as an involvement in asthma attacks
(Ilenderson et al., 1979; Biscardi et al., 2004). In this review,

we will further dxscuss the pathom echamsms 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.
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FIGURE 1| Female BALB/c (7-w eek-old) mice w ere inoculated
intratracheally with Mp antigen with or without pre-imm unization.
Pre-im munization was carried out by intraperitoneal injection at 7 and 14
days prior to the intratracheal (iT) challenge. M odel A: IT without

pre-im munization. M odel B: IT after twice pre-im munizing with Mp antigen
alone. M odel C: IT after twice preimmunizing with Mp antigen plus CpG.
Model D: IT after twice preimmunizing with alum alone. Model E: IT after
twice preimmunizing with Mp antigen plus alum. One week following the
last im m unization, mice underwent IT with 50 tg 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/Aipopeptides of M.
fermentans origin, macrophage-activating lipopeptide-2 (I\/IALPw
2), P48, and M 161Ag (identical to MALP-404), reportedly m odu—
latethe hostimmune system via TollHike receptor ( TLR)-2/TLR-6
signaling (Takeuchi et al., 2000; Luhrmann et al., 2002; Seva and
Matsumoto, 2002). Genes for more than 30 different Mp lipopro—
teins have been reported (I lim melreich et al., 1997). Shimizu et al.
reported that the mycoplasma-derived lipoproteins N-ALP1/MN~
ALP2 (Shimizu et al., 2008) and FyF,-ATPase (Shimizu et al.,
2005) activated NPk B via TLR-1, 2 or TLR-1, 2, 8 31gnahng,
respectively. Stimulation of these TLRs has been known to be
related to production of chemokines (Brant and Fabisiak, 2008:
Andrews et al., 2013) that promote lymphocyte and neutrophil
trafficking and inflamm ation in the lung.

GARDS (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 (Kannan et al., 2005). The CARDS toxin is an ADP-
ribosylating and vacuolatmg toxin, with homology to the Si
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

www.frontiersin.org

August 2014 | Volume 5 | Article 410 | 3



Saraya et al,

The pathogenesis of Mycoplasma pneumoniae

FIGURE 2 | Histopathological examination of lung specimens. At 96 h
postrintratracheal (IT) challenge, no inflam matory 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 infilration in the
PBVA. Plasmacyte infiftration within the PBVA was only recognized in
models D and E, and the number of infiltrating plasm acytes was
significantly higher in mode! 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-1 ¢ 18 6, 12, 17, Tumor necrosis
factor(TNF)-@ and Interferon-gamma (IFN) -7y together with
elevation of Keratinocyte chem oattractant(KC), 11-8, regulated
on activation, normal T cell expressed and secreted (RANTES),
and G-CSF (I lardy et al., 2009). However, to our knowledge,
there have been no reports of CARDS toxin identified in human
respiratory specimens.

Other factors

Mp produces a soluble hemolysin (Somerson et al., 1963,
1965), hydrogen peroxide and superoxide radicals, which 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 et al., 2005). MPL induced
1L-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.
Chmura et al. (2003) reported that the Mp membrane frac—
tion induced IL-8 on BEAS-2B human bronchial epithelial cells.
Our report (1lirao et 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 [1-6 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 1¥294002 (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 higher in recently infected patients than in healthy
patients (Biberfeld ot al., 1974). The positive responsiveness to
sonicated Mp antigen was demonstrable up to 10 years after infec—
tion. Others also reported on the in vitro response of human
peripheral lym phocytes to Mp antigen (Fernald, 1972; Biberfeld,
1974), while tuberculin anergy in patients 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
oceurs (Biberfeld 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 (Mizutani el al,,
1971).

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

In consideration of this question, Sarava et al. (2011)
demonstrated a lack of specific response of lymphocytes
in the BALF to Mp antigen 96h postdT 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 CD8 ratio was 0.02, which was a
lower value than that of human Mp pneumonia patients
(IMayashi et al., 1986, 1993), and the CD8 positive cells con-
sisted of naive cells (CD62L+ D/ CD44+19), effector mem~—
ory cells (CD62L+ l0/CD44+ M), and central memory cells
(CD62L+ M /CD44+ M), in that order (Saraya et al., 2007a)
(Figure 3). Cellular immunity seemed to play an important
role in development of Mp pneumonia (Foy 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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