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Mycoplasma pneumoniae, as one of the most common pathogens, usually

causes upper respiratory tract infections and pneumonia in humans and

animals. It accounts for 10% to 40% of community-acquired pneumonia in

children. The alveolar epithelial cells (AECs) are the first barrier against

pathogen infections, triggering innate immune responses by recruiting and

activating immune cells when pathogens invade into the lung. Alveolar

macrophages (AMs) are the most plentiful innate immune cells in the lung, and

are the first to initiate immune responses with pathogens invasion. The cross-talk

between the alveolar epithelium and macrophages is necessary to maintain

physiological homeostasis and to eradicate invaded pathogen by regulating

immune responses during Mycoplasma pneumoniae infections. This review

summarizes the communications between alveolar macrophages and

epithelial cells during Mycoplasma pneumoniae infections, including

cytokines-medicated communications, signal transduction by extracellular

vesicles, surfactant associated proteins-medicated signal transmission and

establishment of intercellular gap junction channels.

KEYWORDS

Mycoplasma pneumoniae, epithelial cells, alveolar macrophages, cytokines,
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Introduction

Mycoplasma pneumoniae pneumonia is an acute respiratory infection disease caused

by Mycoplasma pneumoniae (MP). Among the pathogens formerly known as “primary

atypical pneumonia”, MP is the most common, accounting for 10-40% of community-

acquired pneumonia cases. Recent studies have shown that younger animals and school-

age children are susceptible toMycoplasma pneumoniae pneumonia (Michelow et al., 2004;

Defilippi et al., 2008; Kim et al., 2009). It can induce upper and lower respiratory tract

infection in humans and animals and spread all over the world. Apart from respiratory

disease, the organism also has the ability to produce a wide spectrum of non-pulmonary
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manifestations including hemolytic anemia, polyarthritis, erythema

multiforme and the diseases in nervous system, liver and heart

(Razin et al., 1998). Severe MP infections can also lead to death (Lee

et al., 2018). It has been reported that the mortality rate of elderly

patients with MP is as high as 30% (Khoury et al., 2016). MP, a

gram-negative microorganism, is the smallest self-replicating

bacterium with an extremely small genome (Chmura et al., 2008;

Ledford et al., 2012). As a prokaryotic pathogen, it has three

membranes without cell wall, and its survival depends on the

exchange of nutrients with the host (Segovia et al., 2018). The

pathogen are spread through direct contact between infected and

susceptible people, as well as through droplets emitted by infected

people when they sneeze, cough or speak (Hyde et al., 2001). After

MP enters the respiratory tract with air, due to the lack of cell wall,

the MP membrane can be in direct contact with epithelial cells, thus

transferring or exchanging membrane components (Essandoh et al.,

2016). MP can produce various pathogen associated molecular

patterns (PAMPs), such as membrane lipoprotein, polysaccharide

and invasive ribozyme, which can cause a ser ies of

pathophysiological changes of host (Somarajan et al., 2010;

Daubenspeck et al., 2015; Shimizu, 2016). MP induces host cells

to produce interleukin (IL)-8, tumor necrosis factor (TNF)-a and

other pro-inflammatory cytokines. The content of IL-8 and TNF-a
in patient’s serum increased with the aggravation of MP infection

(Yu et al., 2018).

Pulmonary epithelium is the site for gas exchange between lung

and blood, and is the first mucus barrier line for defense against

foreign invasion and pathogenic factors. The mature alveolar

epithelial cells (AECs) is composed of type I (AECIs) and type II

(AECIIs) alveolar epithelial cells, accounting for 95% and 5%,

respectively (Whitsett and Alenghat, 2015). AECIs are flat cells

covering capillaries that provide the thin surface of the alveoli and

are the most important site for gas exchange. In addition to serving

as a physical barrier against pathogens and various entering

environmental particles, AECIIs also are involved in the immune
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response, and maintain the balance of lung environment (Guillot

et al., 2013). After entering the respiratory tract, MP adheres to

AECIIs through surface adhesion molecules to induce host cells the

production of TGF-b and extracellular vesicles carrying miRNA,

which activate alveolar macrophages to clear MP.

Alveolar macrophages (AMs), free in the alveolar cavity, are

primary immune cells in the lung, and are the key cellular sensors

for pathogens with the characteristics of phagocytosis and secretion

of cytokines (Malaviya et al., 2010; Byrne et al., 2015; Allard et al.,

2018). The membrane lipoprotein of MP binding to Toll-like

receptors (TLRs) on AMs activates signaling pathways such as

nuclear factor (NF)-kB, and causes the secretion of pro-

inflammatory cytokines, promoting the aggregation of neutrophils

and phagocytosis of pathogens (Zhang et al., 2000). More and more

evidence demonstrate that the interaction of structural cells and

immune cells each other are essential to resist external pathogens

(Yuan et al., 2014; Tran et al., 2017). In the lung, AMs and AECs

communicate with each other to coordinate their actions to

maintain pulmonary homeostasis and gas exchange (Tao and

Kobzik, 2002). This paper focuses on summarizing the research

on the signal communications between AECs and AMs during MP

infection (Figure 1).
Cytokines-medicated
communications between AMS and
AECS during MP infection

After contacting host cells, invasive pathogens are first

recognized by cell surface pattern recognition receptors (PRRs),

causing innate immune responses. One of the most characteristic

PRRS groups is TLRs (Zarnke and Rosendal, 1989). By forming

homodimers or heterodimers, TLRs can recognize the molecular

pathogenic patterns of bacteria, viruses and fungi (Akira et al., 2001;
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FIGURE 1

There are four ways of communication between alveolar macrophages (AMs) and alveolar epithelial cells (AECs) during Mycoplasma pneumoniae
(MP) infections, including cytokines, exosomes, surfactant-associated protein A (SP-A) and gap junction channels.
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Guo et al., 2018), and then induce immune responses, promoting

the synthesis and release of various inflammatory cytokines and

chemokines (Palm et al., 2015; Johnston and Corr, 2016). Existing

studies have shown that the TLR2 and TLR4 on the cell surface of

barrier cells and immune cells are necessary for recognizing MP,

and they can initiate a series of downstream signaling responses,

including the NF-kB, interferon (IFN) and inflammasome signaling

pathways, leading to the production of corresponding pro-

inflammatory or anti-inflammatory cytokines (Iwasaki and

Medzhitov, 2004; Akira et al., 2006). The role of cytokines in

pulmonary immune has been increasingly investigated in clinical

animal and in vitro studies (Wang et al., 2020; Bai et al., 2021).

When the lungs are stimulated, AECIIs and AMs can also

communicate signals with each other through cytokines to

regulate immune function and clear pathogens (Thorley et al.,

2007; Kannan et al., 2009; Rana et al., 2020).

AECIIs can secrete PGE2 and IL-10 that promote AMs to

secrete SOCS protein, and SOCS protein can inhibit inflammatory

STAT pathway (Bourdonnay et al., 2015). Previous studies have

confirmed that serum IL-10 levels are higher in patients with

mycoplasma pneumonia (Hassan et al., 2008; Salvatore et al.,

2008). So AECIIs communicate with AMs through increasing

anti-inflammatory factors such as IL-10 to prevent excessive lung

inflammation from MP (Figure 2A). But compared with mild

mycoplasma pneumonia, serum IL-10 levels in patients with
Frontiers in Cellular and Infection Microbiology 03
severe mycoplasma pneumonia are significantly lower (Ding

et al., 2016). The study found that MP can inhibit the secretion of

anti-inflammatory factor IL-10 in AECIIs, regulating the

inflammatory response in the lung (Shi et al., 2021).

The two-way communication between AECs and AMs can

balance alveolar environment. After being stimulated by external

stimuli, not only do AECs secrete cytokines to transmit signals to

AMs, but AMs also act on AECs by cytokines. Antimicrobial

immune responses of AMs are thought to be initiated by PRRs

sensing PAMPs. Subsequently, there is the recruitment of myeloid

cells, such as monocytes (MCS) and neutrophils, which amplifies

the inflammatory response for controlling infection (Chaplin, 2010;

Iwasaki and Medzhitov, 2015). However, many pathogens can

infect and replicate within alveolar macrophages, which inhibits

the translation in infected macrophages to escape the innate

immune defense of macrophages (Copenhaver et al., 2014; Moss

et al., 2019). As a result, the secretion of cytokines decreases, such as

tumor necrosis factor (TNF) and interleukin-12 (IL-12) (Brieland

et al., 1998; Copenhaver et al., 2015), which are needed to control

infection (Brieland et al., 1998). Studies have shown that

Mycoplasma ovipneumoniae can enter AMs and evade immune

clearance by AMs (Gao et al., 2021). However, mycoplasma

infection can induce to produce IL-1b in mouse or human

macrophages in vitro (Quentmeier et al., 1990; Muhlradt and

Schade, 1991; Herbelin et al., 1994; Kostyal et al., 1994). IL-1
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FIGURE 2

Alveolar macrophages (AMs) and alveolar epithelial cells (AECs) communicate with each other through cytokines to clear Mycoplasma pneumoniae
(MP). (A) AECs attacked by MP secrete cytokines to regulate inflammation in AM. (B) Cytokine secretion by MP-challenged AMs amplifies
inflammation in AECs.
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induces the production of granulocyte-macrophage colony

stimulating factor (GM-CSF) in alveolar epithelium (Liu et al.,

2020). It’s true that the expression level of GM-CSF from AECs is

increased in patients with MP (Xu et al., 2021), which promotes the

production, proliferation and differentiation of granulocytes and

monocytes, thereby amplifying the inflammatory response and

promoting host defense (Roach et al., 2020). In a word,

during MP stimulates AMs, increased IL-1 from AMs acts on

epithelial cells, thereby up-regulating GM-CSF to amplify

inflammation (Figure 2B).

CD4+ T cells serve as mediators in the cytokine-mediated

communications between AMs and epithelial cells. It has been

reported that IL-23 from AMs is increased in the response of MP

infection (Iwakura and Ishigame, 2006, Wu et al., 2007a). IL-23 can

induce CD4+T cells to secrete IL-22 which has a protective effect on

epithelial cell barrier (Hoegl et al., 2011). IL-23 from macrophages

act on CD4+ T cells to increase IL-22 (Bernshtein et al., 2019).That

is to say, when MP attacks AMs, the up-regulating IL-23 secreted by

AMs will act on CD4 + T cells, and then CD4 + T cells promote

chemokine secretion from AECIIs, which recruits neutrophils and

promote inflammatory response (Figure 2B). Although AECIIs

have traditionally been considered distal lung cells in response to

harmful environmental stimuli, in fact, some researchers have

suggested that AECIs are a more important source of pro-

inflammatory signals than AECIIs (Wong and Johnson, 2013).

AECIs are thought to be more involved in pro-inflammatory

responses, in part because they have a lot of surface contact with

AMs that are present in the alveolar space. The role of AECIs in the

inflammatory response induced by MP remains to be explored.

The persistence of inflammatory response is unfavorable to the

body (Wang et al., 2017). A strong inflammatory response leads to

local tissue damage, epithelial cell damage, and increased vascular

leakage, all of which can lead to lung dysfunction and even death

(Grommes and Soehnlein, 2011). At present, it is believed that most

of the damage of MP to the body is caused by excessive immune

response (Waites and Talkington, 2004). Sheep infected with MP

are more likely to be infected by other microorganisms, so there

may be immunosuppressive effect in the process of MP infection

(Gao et al., 2021). It is well known that MP stimulates lung epithelial

cells to produce transforming growth factor-b (TGF-b), which can

cause apoptosis of AECs and promote pulmonary fibrosis (Lin et al.,

2018). TGF-b from AECs can induce AMs to produce anti-

inflammatory cytokines insulin-like growth factors (IGF-1)

through PI3K/Akt signaling pathway. In turn, IGF-1 inhibits

PAMPs-induced p38 MAPK activation and inflammatory

cytokine production in AECs, and promote AECs to phagocytose

apoptotic cells through PPARg (Mu et al., 2020). In the mouse

allergic asthma model, MP induces the production of IFN- g
through TLR2, which reduces the production of TGF- b 2 in

bronchial epithelial cells and down-regulates the expression of

airway mucin (Wu et al., 2007b). Therefore, MP stimulates TGF-

b secreted by AECs. It can act on AMs to secrete IGF-1 to inhibit

excessive lung inflammation (Figure 2A).

In general, when AMs are stimulated by MP, they recruit

neutrophils and amplify inflammation by acting on AECs

through pro-inflammatory cytokines. When MP enters the lungs
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and acts on AECs, epithelial cells will secrete IL-10 to inhibit

macrophage inflammatory response, and TGF-b will also

stimulate macrophage to secrete IGF-1 to inhibit epithelial

inflammatory response.
Cross-talk between AMS and AECS
through exosomes during MP
infection

The effective defense system of lung epithelium operates by

releasing a variety of mediators, including cytokines, chemokines,

nucleic acid molecules and antimicrobial peptides (Yamamoto

et al., 2012). It was found that the swine epithelial NPTr cells

infected with Mycoplasma hyopneumoniae were differentially

expressed in microRNAs (miRNAs) related to antioxidant

response and mRNA related to ciliary function. These

differentially expressed genes were detected in the exosomes

secreted by epithelial cells (Mucha et al., 2020). Exosomes, as an

effective cellular signal and a communication system, is an

important regulator of various pathophysiological conditions

(Cho et al., Silverman and Reiner, 2011). Exosomes are

extracellular vesicles (50-150 nm) that eukaryotic cells release

under normal or pathological conditions (Rome, 2013).

Extracellular vesicles in bronchoalveolar lavage fluids contain a

large number of miRNAs, which contribute to innate immune

responses after bacterial lung infection (Lee et al., 2019). In

addition to miRNAs, extracellular vesicles can also transmit

information between cells through proteins, lipids and nucleic

acids. These proteins, lipids and nucleic acids seem to be

randomly selected, and some specific molecular groups are

preferentially packaged into vesicles (Schorey et al., 2015).

Extracellular vesicles released by cells, have the potential to

selectively interact with specific target cells and participate in

intercellular communication (Rana et al., 2012; Forterre et al.,

2014; Zhang W et al., 2018).

The results show that AMs can effectively absorb exosomes via

tracheal perfusion, and exosomes siRNA or miRNA molecules are

functional in modulating lung inflammation (Zhang D et al., 2018).

At present, three methods have been observed for cell uptake of

exosomes: namely endocytosis (Feng et al., 2010; Fitzner et al., 2011;

Tian et al., 2014), receptor-mediated internalization (Svensson

et al., 2013) and direct binding to target cell membranes (Tian

et al., 2013). H-G Moon et al. induced human epithelial cells to

produce extracellular vesicles by hyperoxia, and treatment of AMs

with them resulted in increased secretion of pro-inflammatory

cytokines and macrophage inflammatory protein 2 (MIP-2). In

the lung tissue of mice treated with extracellular vesicles, the influx

of macrophages and neutrophils increased significantly (Moon

et al., 2015; Lee et al., 2016). Zunyong Feng et al. found that miR-

27b-3p-carrying exosomes from AECIIs can induce AMs to

produce pro-inflammatory signals. These exosomes play a

regulatory role by regulating the expression of RGS1 in

macrophages and then regulating the intracellular PLC-IP3R

signal-dependent inflammatory response (Feng et al., 2021). It
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also have been confirmed that AECIs can produce a large number of

miRNA-rich extracellular vesicles. And the miRNAs contained in

these extracellular vesicles are actively delivered to AMs, thus

promoting inflammasome activation, neutrophil recruitment and

M1-macrophage polarization (Lee et al., 2019).

However, some studies have found that the release of exosomes

can damage the host immune defense. Mycoplasma can destroy the

mitochondrial DNA (mtDNA) in cells (Robberson et al., 1980).

And the damaged mtDNA of AECs and AMs can be released in

exosomes. The release of epithelial exosomes will destroy the

phagocytosis of macrophages, and macrophages will also release

exosomes to destroy the integrity of the alveolar epithelial barrier.

That is to say, the release of damaged mtDNA-rich exosomes after

mycoplasma stimulation can lead to the cross-talk of damage

signals between AECs and AMs, impairing the host’s immune

defense against respiratory infection (Sadikot et al., 2019).

Moreover, mycoplasma can spread its components by Myco+

exosome pathway of epithelial cells to regulate the activity of

immune cells, especially to activate B cells with inhibitory activity,

which suppresses immunity by activating macrophages by

increasing IL-10 levels (Yang et al., 2012). AMs can secretes

extracellular vesicles containing suppressor of cytokine signaling

(SOCS) protein (Bourdonnay et al., 2015). Mycoplasma bovis

infection increases the expression of SOCS(Mulongo et al., 2014).

Extracellular vesicles containing SOCS protein are taken up by

AECs, downregulate cytokine-induced STAT activation, maintain

AECs at rest (Speth et al., 2019), and inhibit the production of type

2 cytokines by AECs to reduce allergic airway inflammation

(Draijer et al., 2020).

Therefore, when AECs are stimulated by MP, signals can be

transmitted to AMs by secreting extracellular vesicles to regulate the

immune response in vivo (Figure 3).
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Establishment of gap junction
between AMS and AECS during
MP infection

Gap junction, which is composed of connexins (Cx), is an

intercellular channel that allows molecular communication between

adjacent cells (Trosko, 2001). Such changes in communication can

cause pathological reactions (Trosko and Chang, 1986; Trosko et al.,

1992; Spath et al., 2013). Gap junction channels allow the transfer of

ions and small compounds between cells, so as to coordinate the

multiple metabolic and electrical functions of cell communities

(Bruzzone et al., 1996; Eugenin et al., 1998). There are 21 connexins

isomers in the human proteome that have different physiological

properties and regulatory responses. Some are expressed in single-

cell types and form heteromeric (more than two different connexins

in a connexon) or heterotypic (A Gap junction channel with

different Connexons) channels, thus further diversifying its

composition and function (Maeda and Tsukihara, 2011). Many

clinical studies have shown that the gap junction of connexin 43

(Cx43) and connexin 40 (Cx40) is related to non-infectious lung

inflammation (Ni et al., 2017; Ni et al., 2018; Zhang HC et al., 2018).

Gap junctions are usually intercellular contacts between AECs,

but also exist between AMs and AECs (Bissonnette et al., 2020).

Gap junctional communications between members of a cell

community allow the coordination of cellular, metabolic, and

electrical responses (Riches et al., 1988; Eugenin et al., 1998).

Westphalen et al. first discovered that AMs attached to the

alveolar wall form gap junction channels containing connexin 43

(Cx43) with epithelial cells through real-time in situ imaging of

mouse alveoli in 2014. During LPS induced inflammation, AMs

attach to alveoli to form gap junction channels. It established

mutual communications between AMs and epithelial cells
Exosome
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Nucleus
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FIGURE 3

Alveolar epithelial cells (AECs) contact alveolar macrophages (AMs) to resist Mycoplasma pneumoniae (MP) by secreting exosomes.
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through synchronized Ca2+-dependent Akt activation. Cx43

deletion in AMs increases the secretion of cytokines that may be

mainly derived from AMs (MIP-1a) and AECs (CXCL1). Cx43

deletion also causes an increase in neutrophil recruitment. This

suggests that AMs and AECs can mutually inhibit the release of

cytokines (Westphalen et al., 2014). Cx43 gap junction between

macrophages and epithelial cells has also been found in human cells

(Oumouna et al., 2015; Beckmann et al., 2020), suggesting that it is

involved in the communication of human lung cells. However, the

exact role of the communication about gap junction channels

remains uncertain. Therefore, when the pathogen invades one or

more sensitive cells in the cluster, all cells in the cluster

communicate with each other through Ca2+-dependent gap

junctions and transmit signals to other types of cell populations.

It is well known that MP causes a significant increase in pro-

inflammatory factors TNF-a and IL-1b (Liu et al., 2018; Maunsell

and Chase, 2019; Luo et al., 2021). As early as 2003, TNF- a has

been shown to increase the expression, adhesion and extravasation

of Cx43 in monocytes/macrophages (Eugenıń et al., 2003; Véliz

et al., 2008). Research shows that TNF-a alone does not increase

Cx43 total protein levels in mouse or human dendritic cells, but in

combination with IL-1b can enhance the expression of functional

Gap junctions between cultured dendritic cells (Corvalan et al.,

2007; Mendoza-Naranjo et al., 2007). Therefore, after MP infection,

an increase in secretion of TNF-a and IL-1b can increase the

expression and adhesion of Cx43 in macrophages, form Cx43 gap

junction channels between AMs and AECs, and transmit

immunosuppressive signals through Ca2+ waves.
SP-A-linked communications between
AMS and AECS during MP infection

As mentioned earlier, a strong inflammatory response can cause

lung injury. Studies have shown that pulmonary surfactant protein

A (SP-A) inhibits local inflammatory response by inhibiting the

synthesis and release of cytokines and inflammatory mediators

(Bates, 2010; Younis et al., 2020). Pulmonary surfactant-

associated protein (SP) is a lipoprotein complex synthesized and

secreted by AECIIs and airway Clara cells. It is an important

component of pulmonary surfactant. SP proteins usually contain

a N-terminal collagen like domain and a C-terminal protein

recognition domain (CRD). In the Ca2+-dependent response,

CRD binds a variety of ligands, including a variety of immune

cell surface receptors and pathogen-derived carbohydrates, which

enhances the phagocytosis of pathogens and participates in the

regulation of immune cell function and immune inflammatory

response (LeVine et al., 1999a; LeVine et al., 1999b; Sano and

Kuroki, 2005). The content of SP-A is the most abundant,

accounting for about 50% of the total SP. The change of SP-A

content is closely related to intrapulmonary and extrapulmonary

diseases (Ujma et al., 2017; Vieira et al., 2017).

The presence of a specific receptor for SP-A on the surface of

AMs was found as early as 1992,so SP-A from AECIIs can bind

specifically to rat alveolar macrophages (Pison et al., 1992). SP-A
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amplifies IL-4-mediated phosphorylation of STAT6 and Akt by

binding to myosin18A in AMs to increase AMs proliferation and

alternative activation (Garcıa-Fojeda et al., 2022). SP-A not only

plays a role in regulating AMs cycle, but also in regulating AMs

inflammation. SP-A can up-regulate activity of the mannose

receptor and promote AMs to phagocytize pathogens and

apoptotic neutrophils, promoting the regression of alveolar

inflammation (Schagat et al., 2001; Reidy and Wright, 2003). The

mannose receptor, a pattern recognition receptor expressed on

macrophages, can recognize and bind specific sugar molecules

through extracellular regions, which play a role in recognizing

pathogens, presenting antigens and maintaining internal

environmental stability. (Beharka et al., 2002). The study also

found that the CRD domains of SP-A bind to the soluble

extracellular domains of TLR2, TLR4 and MD-2 receptors via a

Ca2+-dependent pathway (Awasthi et al., 2019; Ghaffarpour et al.,

2020), and SP-A can regulate the expression of TLR2 and TLR4 in

macrophages after transcription (Que and Shen, 2016). However,

although SP-A can up-regulate the expression of TLR2 in

macrophages, it also inhibits the TLR2-mediated NF-kB signaling

pathway. SP-A affects NF-kB signaling by affecting key regulatory

factors in the signaling pathway, such as the phosphorylation of

IkBa, the heterotopia of p65, the phosphorylation of MAPK family

members and the phosphorylation of Akt, resulting in a significant

decrease of TNF-a and inhibiting the excessive inflammatory

response induced by pathogen stimulation (Nayak et al., 2012;

Nguyen et al., 2012).

Mycoplasma express several cell surface ligands that can

interact with SP-A. It contains a class of high affinity ligands of

SP-A composed of unsaturated phosphatidylglycerols

(Piboonpocanun et al., 2005). Kannan et al. also identified a

specific membrane protein MPN372, which also has high affinity

with SP-A (Kannan et al., 2005). Therefore, SP-A protein on the

surface of AECIIs can recognize and bind MP. Moreover, studies

have shown that SP-A could clear MP after macrophages

recognizing it. In the absence of SP-A, CFU of MP in host cells is

not significantly reduced after mycoplasma infection of IFN-g-
activated macrophages (Hickman-Davis et al, 1998). The

variation of SP-A gene on the surface of AECIIs has the same

effect as the deletion of SP-A gene, which will significantly enhance

the binding with MP membrane protein and promote the host

inflammatory response (Ledford et al., 2015). However, in MP

infected the mouse model, the expression levels of pro-

inflammatory factors such as B7-H3 and IL-13 were up-regulated,

but the expression level of SP-A was significantly reduced (Hao

et al., 2022). Therefore, the SP-A protein secreted by AECIIs is

related to the inhibition of excessive inflammatory response of AMs

stimulated by MP. However, MP will inhibit the secretion of SP-A

by AECIIs.

As shown in Figure 4, after MP invades the alveoli, AMs activate

immune pathways to cause pulmonary inflammatory response and

eliminate MP. SP-A secreted by AECIIs can recognize and bind MP,

and bind to TLRs of AMs at the same time. It can reduce the lung

injury caused byMP by inhibiting NF-kB and other signal pathways

in AMs. However, the invasion of MP into the lung will reduce the

secretion of SP-A in AECIIs and induce pulmonary inflammation.
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Discussion

This review mainly summarizes the possible pathways

of information transmission between AMs and AECs after

MP enters the lung. The process of interaction between AMs

and AECs against MP can be divided into promoting

beneficial inflammatory response and inhibiting excessive

inflammatory response.

In the process of the host against MP, the communication

between AECs and AMs removes the MP by promoting

inflammation. After MP is recognized by TLR on the surface of

epithelial cells, it activates the signaling pathways such as MyD88-

NF-kB to secrete pro-inflammatory cytokines and exosomes

carrying miRNA and other pro-inflammatory substances. These

products can transmit signals to AMs and activate the pro-

inflammatory response of AMs. In addition, MP can inhibit the

release of IL-10 and other anti-inflammatory factors by the AECs,

so that the AMs maintain a pro-inflammatory phenotype. The

wandering AMs also recognize MP through surface TLRs and

secrete IL-1, IL-23 and other inflammatory factors, which directly

or indirectly communicate with the AECs to magnify the

pulmonary inflammatory response to eliminate MP.

But persistent inflammation can cause damage to the body, so it

is also important that AMs communicate with AECs to suppress the

excessive inflammation caused by MP. When MP is infected, AECs

and AMs secretes TGF-b, IGF-1 and other cytokines to inhibit

inflammatory responses and to avoid excessive damage caused by

inflammation by regulating PI3K/AKT and other signaling

pathways. AECs and AMs also transmit immunosuppressive

signals by forming protein gap junction such as Cx43 and

secreting extracellular vesicles containing anti-inflammatory

mediators. SP-A from AECs will emit immunosuppressive signal

after binding with MP membrane protein to suppress the excessive

immune response induced by MP. When SP binds with TLRs of
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AMs, it will transmit immunosuppressive signal to AMs, and then

regulate MyD88-NF-kB and other signaling pathways to weaken

inflammatory response.

On a final note, there are still many questions that need further

study. For example, SP-A can regulate the expression of TLR2 and

TLR4 in AMs and enhance MP phagocytosis by AM(Schagat et al.,

2001; Reidy and Wright, 2003), but how SP-A regulates MyD88-

NF-kB in AMs to inhibit inflammatory response is not clear. The

mechanism of SP-A from AECIIs regulating AMs needs to be

further explored.

In conclusion, when MP invades the lung, signal

communications between AECs and AMs play an important role

in clearing pathogens and maintaining pulmonary homeostasis.
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Mycoplasma pneumoniae (MP). A large amount of MP will activate TLRs-MyD88-NF-kB of AECs signaling pathway, increase the secretion of
inflammatory factors and reduce the production of SP-A, MP also activates the pro-inflammatory phenotype of AMs and causes lung injury.
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Functional role of gap junctions in cytokine-induced leukocyte adhesion to
endothelium in vivo. Am. J. Physiol. Heart Circ. Physiol. 295 (3), H1056–h1066. doi:
10.1152/ajpheart.00266.2008

Vieira, F., Kung, J. W., and Bhatti, F. (2017). Structure, genetics and function of the
pulmonary associated surfactant proteins a and d: The extra-pulmonary role of these c
type lectins. Ann. Anatomy-Anatomischer Anzeiger 211, 184–201. doi: 10.1016/
j.aanat.2017.03.002

Waites, K. B., and Talkington, D. F. (2004). Mycoplasma pneumoniae and its role as
a human pathogen. Clin. Microbiol. Rev. 17 (4), 697–69+. doi: 10.1128/CMR.17.4.697-
728.2004

Wang, Z., Bao, H., Liu, Y., Wang, Y., Qin, J., and Yang, L. (2020). Interleukin-23
derived from CD16(+) monocytes drives IL-17 secretion by TLR4 pathway in children
with mycoplasma pneumoniae pneumonia. Life Sci. 258, 118149. doi: 10.1016/
j.lfs.2020.118149

Wang, J., Cheng, W., Wang, Z., Xin, L., and Zhang, W. (2017). ATF3 inhibits the
inflammation induced by mycoplasma pneumonia in vitro and in vivo. Pediatr.
Pulmonol 52 (9), 1163–1170. doi: 10.1002/ppul.23705

Westphalen, K., Gusarova, G. A., Islam, M. N., Subramanian, M., Cohen, T. S.,
Prince, A. S., et al. (2014). Sessile alveolar macrophages communicate with alveolar
epithelium to modulate immunity. Nature 506 (7489), 503–50+. doi: 10.1038/
nature12902

Whitsett, J. A., and Alenghat, T. (2015). Respiratory epithelial cells orchestrate
pulmonary innate immunity. Nat. Immunol. 16 (1), 27–35. doi: 10.1038/ni.3045

Wong, M. H., and Johnson, M. D. (2013). Differential response of primary alveolar
type I and type II cells to LPS stimulation. PloS One 8 (1), e55545. doi: 10.1371/
journal.pone.0055545

Wu, Q., Martin, R. J., Rino, J. G., Breed, R., Torres, R. M., and Chu, H. W. (2007a).
IL-23-dependent IL-17 production is essential in neutrophil recruitment and activity in
mouse lung defense against respiratory mycoplasma pneumoniae infection. Microbes
Infect 9 (1), 78–86. doi: 10.1016/j.micinf.2006.10.012

Wu, Q., Martin, R. J., Rino, J. G., Jeyaseelan, S., Breed, R., and Chu, H. W. (2007b). A
deficient TLR2 signaling promotes airway mucin production in mycoplasma
pneumoniae-infected allergic mice. Am J Physiol Lung Cell Mol Physiol 292 (5),
L1064–L1072. doi: 10.1152/ajplung.00301.2006

Xu, L., Zhao, Y., Wu, S., Song, Q., Ouyang, Z., Zhang, X., et al. (2021). Effects of
adjuvant pidotimod therapy on levels of inflammatory factors and expressions of serum
GM-CSF and KL-6 in elderly patients with mycoplasma pneumonia. Am J Transl Res
13 (10), 11899–11907.

Yamamoto, K., Ferrari, J. D., Cao, Y., Ramirez, M. I., Jones, M. R., Quinton, L. J.,
et al. (2012). Type I alveolar epithelial cells mount innate immune responses during
pneumococcal pneumonia. J. Immunol. 189 (5), 2450–2459. doi: 10.4049/
jimmunol.1200634

Yang, C., Chalasani, G., Ng, Y.-H., and Robbins, P. D. (2012). Exosomes released
from mycoplasma infected tumor cells activate inhibitory b cells. PloS One 7 (4),
e36138. doi: 10.1371/journal.pone.0036138

Younis, U. S., Chu, H. W., Kraft, M., and Ledford, J. G. (2020). A 20-mer peptide
derived from the lectin domain of SP-A2 decreases tumor necrosis factor alpha
production during mycoplasma pneumoniae infection. Infect Immun. 88 (9). doi:
10.1128/IAI.00099-20

Yu, B., Zhao, Y., Zhang, H., Xie, D., Nie, W., and Shi, K. (2018). Inhibition of
microRNA-143-3p attenuates myocardial hypertrophy by inhibiting inflammatory
response. Cell Biol. Int. 42 (11), 1584–1593. doi: 10.1002/cbin.11053

Yuan, Z., Mehta, H. J., Mohammed, K., Nasreen, N., Roman, R., Brantly, M., et al.
(2014). TREM-1 is induced in tumor associated macrophages by cyclo-oxygenase
pathway in human non-small cell lung cancer. PloS One 9 (5), e94241. doi: 10.1371/
journal.pone.0094241

Zarnke, R. L., and Rosendal, S. (1989). Serologic survey for mycoplasma-
ovipneumoniae in free-ranging dall sheep (Ovis-dalli) in Alaska. J. Wildlife Dis. 25
(4), 612–613. doi: 10.7589/0090-3558-25.4.612
frontiersin.org

https://doi.org/10.1016/j.biocel.2012.06.018
https://doi.org/10.1128/MMBR.62.4.1094-1156.1998
https://doi.org/10.1128/MMBR.62.4.1094-1156.1998
https://doi.org/10.1152/ajplung.00439.2002
https://doi.org/10.4049/jimmunol.141.1.180
https://doi.org/10.3168/jds.2019-17441
https://doi.org/10.1159/000131434
https://doi.org/10.1016/j.clinbiochem.2013.02.018
https://doi.org/10.1016/j.clinbiochem.2013.02.018
https://doi.org/10.1016/j.alcohol.2018.08.006
https://doi.org/10.1128/IAI.00878-07
https://doi.org/10.1016/j.molimm.2004.07.014
https://doi.org/10.1016/j.molimm.2004.07.014
https://doi.org/10.4049/jimmunol.166.4.2727
https://doi.org/10.15252/embr.201439363
https://doi.org/10.1128/IAI.00548-17
https://doi.org/10.3892/mmr.2021.12456
https://doi.org/10.3389/fmicb.2016.00414
https://doi.org/10.1111/j.1462-5822.2010.01537.x
https://doi.org/10.1111/j.1462-5822.2010.01513.x
https://doi.org/10.3389/fphar.2013.00042
https://doi.org/10.1172/jci.insight.131340
https://doi.org/10.1074/jbc.M112.445403
https://doi.org/10.1165/ajrcmb.26.4.4749
https://doi.org/10.4049/jimmunol.178.1.463
https://doi.org/10.1002/jcp.24304
https://doi.org/10.1074/jbc.M114.588046
https://doi.org/10.1074/jbc.M114.588046
https://doi.org/10.1371/journal.pone.0179577
https://doi.org/10.1002/mc.1021
https://doi.org/10.1159/000451026
https://doi.org/10.1152/ajpheart.00266.2008
https://doi.org/10.1016/j.aanat.2017.03.002
https://doi.org/10.1016/j.aanat.2017.03.002
https://doi.org/10.1128/CMR.17.4.697-728.2004
https://doi.org/10.1128/CMR.17.4.697-728.2004
https://doi.org/10.1016/j.lfs.2020.118149
https://doi.org/10.1016/j.lfs.2020.118149
https://doi.org/10.1002/ppul.23705
https://doi.org/10.1038/nature12902
https://doi.org/10.1038/nature12902
https://doi.org/10.1038/ni.3045
https://doi.org/10.1371/journal.pone.0055545
https://doi.org/10.1371/journal.pone.0055545
https://doi.org/10.1016/j.micinf.2006.10.012
https://doi.org/10.1152/ajplung.00301.2006
https://doi.org/10.4049/jimmunol.1200634
https://doi.org/10.4049/jimmunol.1200634
https://doi.org/10.1371/journal.pone.0036138
https://doi.org/10.1128/IAI.00099-20
https://doi.org/10.1002/cbin.11053
https://doi.org/10.1371/journal.pone.0094241
https://doi.org/10.1371/journal.pone.0094241
https://doi.org/10.7589/0090-3558-25.4.612
https://doi.org/10.3389/fcimb.2023.1052020
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Xue et al. 10.3389/fcimb.2023.1052020
Zhang, W., Jiang, X., Bao, J., Wang, Y., Liu, H., and Tang, L. (2018). Exosomes in
pathogen infections: A bridge to deliver molecules and link functions. Front. Immunol.
9, 90. doi: 10.3389/fimmu.2018.00090

Zhang, D., Lee, H., Wang, X., Rai, A., Groot, M., and Jin, Y. (2018). Exosome-
mediated small RNA delivery: A novel therapeutic approach for inflammatory lung
responses. Mol. Ther. 26 (9), 2119–2130. doi: 10.1016/j.ymthe.2018.06.007
Frontiers in Cellular and Infection Microbiology 11
Zhang, P., Summer, W. R., Bagby, G. J., and Nelson, S. (2000). Innate immunity and
pulmonary host defense. Immunol Rev 173, 39–51. doi: 10.1034/j.1600-065X.2000.917306.x

Zhang, H.-C., Zhang, Z.-S., Zhang, L., Wang, A., Zhu, H., Li, L., et al. (2018).
Connexin 43 in splenic lymphocytes is involved in the regulation of CD4(+)CD25(+) T
lymphocyte proliferation and cytokine production in hypertensive inflammation. Int. J.
Mol. Med. 41 (1), 13–24. doi: 10.3892/ijmm.2017.3201
frontiersin.org

https://doi.org/10.3389/fimmu.2018.00090
https://doi.org/10.1016/j.ymthe.2018.06.007
https://doi.org/10.1034/j.1600-065X.2000.917306.x
https://doi.org/10.3892/ijmm.2017.3201
https://doi.org/10.3389/fcimb.2023.1052020
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Interaction between alveolar macrophages and epithelial cells during Mycoplasma pneumoniae infection
	Introduction
	Cytokines-medicated communications between AMS and AECS during MP infection
	Cross-talk between AMS and AECS through exosomes during MP infection
	Establishment of gap junction between AMS and AECS during MP infection
	SP-A-linked communications between AMS and AECS during MP infection
	Discussion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


