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Abstract: Plastic bronchitis (PB) constitutes a life-threatening pulmonary disorder, predominantly
attributed to Mycoplasma pneumoniae (MP) infection. The pathogenic mechanisms involved remain
largely unexplored, leading to the absence of reliable approaches for early diagnosis and clear treat-
ment. Thus, the present investigation aimed to develop an MP-induced mouse model of PB, thereby
enhancing our understanding of this complex condition. In the first stage, healthy BALB/c mice
were utilized to investigate the optimal methods for establishing PB. This involved the application of
nebulization (15-20 min) and intratracheal administration (6-50 pL) with 2-chloroethyl ethyl sulfide
(CEES) concentrations ranging from 4.5% to 7.5%. Subsequently, the MP model was induced by
administering an MP solution (2 mL/kg/day, 108 CFU/50 uL) via the intranasal route for a duration
of five consecutive days. Ultimately, suitable techniques were employed to induce plastic bronchitis
in the MP model. Pathological changes in lung tissue were analyzed, and immunohistochemistry
was employed to ascertain the expression levels of vascular endothelial growth factor receptor 3
(VEGEFR-3) and the PI3K/AKT/mTOR signaling pathway. The administration of 4.5% CEES via a
6 uL trachea was the optimal approach to establishing a PB model. This method primarily induced
neutrophilic inflammation and fibrinous exudate. The MP-infected group manifested symptoms
indicative of respiratory infection, including erect hair, oral and nasal secretions, and a decrease
in body weight. Furthermore, the pathological score of the MP+CEES group surpassed that of the
groups treated with MP or CEES independently. Notably, the MP+CEES group demonstrated signifi-
cant activation of the VEGFR-3 and PI3K/AKT/mTOR signaling pathways, implying a substantial
involvement of lymphatic vessel impairment in this pathology. This study successfully established
a mouse model of PB induced by MP using a two-step method. Lymphatic vessel impairment is a
pivotal element in the pathogenetic mechanisms underlying this disease entity. This accomplishment
will aid in further research into treatment methods for patients with PB caused by MP.
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1. Background

Plastic bronchitis (PB) is hallmarked by the development of bronchi-resembling casts
within the bronchial lumen, culminating in obstructed ventilation and severe respiratory
discomfort, posing a formidable threat to life [1]. Historically, PB was perceived as a rarity,
predominantly linked to the aftermath of Fontan procedures in congenital heart disease
patients [2,3]. Conversely, accumulating evidence now suggests that PB is more prevalent
than previously assumed, with a strong correlation with pulmonary infections [4], notably
Mycoplasma pneumoniae (MP)-induced pneumonia [4,5]. Presently, scholarly endeavors
in PB predominantly revolve around diagnostic and therapeutic strategies, while the
comprehension of its fundamental mechanisms remains in its infancy. Consequently, the
establishment of an animal model to delve into its pathogenesis has become imperative.
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In an antecedent investigation [6], the sulfur mustard mimic 2-chloroethyl ethyl
sulfide (CEES) was employed to induce a PB model in rats via aerosolized inhalation, yet
this approach overlooked MP infection, deviating from clinical realities. Consequently,
the present endeavor aimed to refine the model by transitioning from rats to mice and
incorporating MP infection, thereby aligning the model more closely with the clinical
phenotype.

PB potentially originates from lymphatic effusion secondary to MP infection, implicat-
ing a scenario of compromised lymphatic vessel integrity and functional impairment [7-11].
Nonetheless, the precise signaling cascade orchestrating this mechanism remains to be
elucidated. Vascular endothelial growth factor receptor 3 (VEGFR-3), a receptor tyrosine
kinase encoded by the FLT4 gene, plays a significant role in the morphogenesis and mainte-
nance of lymphatic vessels [12]. The VEGFR-3, expressed on lymphatic endothelial surfaces,
stimulates lymphangiogenesis via promoting cellular proliferation, migration, and survival
mechanisms, which are mediated by the activation of the intracellular phosphatidylinositol
3-kinase (PI3K)/protein kinase B (AKT)/mechanistic target of rapamycin (mTOR) signaling
cascade [13-15]. Immunohistochemical analysis was utilized to ascertain the expression
of VEGFR-3 and delineate the activity of the PI3K/AKT/mTOR signaling cascade within
the model, thereby elucidating the intricate association between plastic bronchitis and
lymphatic vasculature anomalies.

2. Materials and Methods
2.1. Animals

Forty-two healthy male BALB/c mice, aged six weeks and weighing 25 + 1 g, were
obtained from Huafukang Biotechnology Co., Ltd. (Beijing, China) and housed at the
Experimental Animal Center of the Institute of Radiology, Chinese Academy of Medical
Sciences (Tianjin, China). The mice were kept in a specific pathogen-free animal facility
maintained at a temperature of (21 & 3) °C with a relative humidity of 60-70% and a 12-h
light-dark cycle. They received standard mouse feed every two days, access to purified
water, bedding changes, and cage cleaning, which were performed twice weekly. This study
received approval from the Experimental Animal Ethics Committee of Tianjin Children’s
Hospital (2023-IITKY-006).

2.2. Main Reagents and Instruments

Mycoplasma pneumoniae freeze-dried powder (ATCC 15531) was acquired from the
United States Bacterial Collection Center. Chemical reagents, such as CEES and anhy-
drous ethanol, were sourced from Meryer Biochemical Technology Co., Ltd. (Shanghai,
China), while tert-amyl alcohol was obtained from Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). The anesthetic tribromoethanol was procured from Shanghai
TCI Chemical Industry Development Co., Ltd. (Shanghai, China). A hematoxylin—eosin
staining (HE) kit was obtained from Solarbao Technology Co., Ltd. (Beijing, China). The
primary antibodies employed comprised rabbit-derived against VEGFR-3 (GB112339), PI3K
(GB11769), AKT (GB13011-2), and mTOR (GB111839), alongside a secondary antibody, HRP
goat anti-rabbit IgG (GB23303), all sourced from Wuhan Servicebio Technology Co., Ltd.
(Wuhan, China). The main instruments, such as the Leica DM400B biological microscope,
paraffin embedding machine, and slicing machine, were obtained from Leica Company
(Wetzlar, Germany).

3. Experimental Methods
3.1. Animal Grouping and Model Production
3.1.1. Animal Grouping

A total of 42 mice were randomly allocated to seven distinct groups (n = 6). In
the preliminary stage, the objective was centered on pinpointing the most advantageous
group for establishing the PB model, comprising four distinct experimental groups. These
groups underwent varied exposures, including continuous nebulization with 7.5% CEES
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for durations of 15 and 20 min, as well as separate administrations of 6 uL of 4.5% and
7.5% CEES via intratracheal injection. The subsequent stage aimed at establishing two
refined groups pertinent to MP infection: an MP-only group, which underwent exclusive
intervention with MP, and an MP+CEES group, in which animals were administered CEES
after the successful induction of the MP model. The control arm of the study was subjected
to the same procedural regimen, receiving only physiological saline (NS) as a comparative
measure. Figure 1 visually encapsulates the detailed schema for model establishment and
group allocation.
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Figure 1. Experimental technology roadmap. The optimal method was selected from four distinct
modalities to constitute the pure CEES intervention group for PB model induction. We proceeded
to employ this selected modality on the seventh day following the establishment of the MP model,
thereby giving rise to the MP+CEES composite model. The control group underwent an identical
procedural regimen to that of the MP+CEES cohort, with the substitution of 0.9% physiological saline
as the intervention agent.

3.1.2. Model Production

(1) The administration method and concentration were as follows:

The 97% CEES solution underwent dilution with anhydrous ethanol in a fume hood,
yielding 7.5% and 4.5% CEES solutions, respectively. In the atomization group, mice were
intraperitoneally anesthetized with tribromoethanol (0.2 mL/10 g). Subsequently, the
atomization group of mice underwent continuous atomization with the 7.5% CEES solution
for 15 min and 20 min, respectively. In the tracheal administration group, mice were
anesthetized with tribromoethanol, followed by administration of 6 pL of 7.5% and 4.5%
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CEES solutions through tracheal intubation using a micropipette, respectively. Following
administration, the mice were monitored in their cages until they fully recovered from the
anesthesia, and their survival status was documented. Respiratory quality, wheezing, and
the degree of activity inhibition were assessed according to the clinical performance score
table proposed by Veress LA (see Supplementary Materials Table S1) [16]. The scores of
each item were totaled to obtain a cumulative score (ranging from 0 to 3 points for each
item, with higher scores indicating a worse state, up to a maximum of 9 points).

(2) Method for Modeling Mycoplasma Pneumoniae:

The freeze-dried Mycoplasma pneumoniae was stored at —20 °C until use and then
cultivated at a constant temperature of 27 °C for recovery before inoculation. After ad-
ministering anesthesia, the mouse’s nasal tip was gently swabbed with a cotton swab
soaked in saline solution. The mouse was positioned with its head aligned with its body,
perpendicular to the ground. Using a micropipette, MP bacterial solution (2 mL/kg/day,
108 CFU/50 pL) was applied to the mouse’s nasal tip. The mouse was allowed to inhale the
bacterial solution naturally as it breathed, directing it into its lungs. The mouse was held
mice upright for 15 s, and their breathing, movement, and any nose tip wiping or sneezing
were observed immediately after the procedure. This process was repeated daily for five
consecutive days. Infected animals were housed separately from uninfected ones.

(3) Production of MP-based Lung PB Model:

Following continuous nasal administration for five days, the MP+CEES group was
re-anesthetized with tribromoethanol on the 7th day. Subsequently, 4.5% CEES (6 uL) was
instilled into the endotracheal tube using a micropipette. The respiratory status of the mice
was monitored after administration.

3.2. Lung Fixation

If a mouse shows signs of imminent death, such as a weight loss exceeding 25%
or the inability to eat or drink, ethical standards mandate euthanasia before concluding
the planned study. Eighteen hours subsequent to their respective CEES dose administra-
tion, four CEES cohorts of mice underwent terminal anesthesia, followed by the excision
of intact lung samples. In the other groups, comprehensive pulmonary tissue harvests
were conducted 18 h after initiation on the seventh day. Mice that died prematurely
were immediately dissected upon death. The lung tissue was fixed and preserved in 4%
paraformaldehyde tissue fixative.

3.3. HE Staining of Lung Tissue

After 24 h of lung tissue fixation, the tissue underwent dehydration, paraffin embed-
ding, and sectioning for pathology. Subsequently, dewaxing and hydration procedures
were conducted, followed by staining with HE staining kits. Lastly, the tissue was made
transparent and sealed, facilitating the microscopic observation of the lung tissue morphology.

3.4. Lung Tissue Pathology Score

Independent pathologists with extensive experience conducted the assessment of lung
tissue pathology. The pathology grading system employed a numerical scale ranging from
0 to 26 [17]. Each sagittal section received a score based on the combined evaluation of
five categories: (a) the extent of periluminal infiltrate involvement in the bronchiolar and
bronchial sites, (b) the severity of periluminal infiltrate, (c) the severity of the luminal
exudate, (d) the frequency of perivascular infiltrate, and (e) the severity of parenchymal
pneumonia (see Supplementary Materials Table S2).

3.5. Immunohistochemistry of Lung Tissue

The specific methods used were as follows: tissue embedding, slicing, dewaxing,
and hydration were conducted following the HE staining protocol. Antigen retrieval was
performed by heating the tissue in citrate buffer (pH 6.0) in a microwave for 15 min. The
tissue was incubated with an adequate volume of endogenous peroxidase blocker at room
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temperature for 25 min, followed by three consecutive three-minute rinses with PBS buffer
(pH 7.4). A sufficient volume of 10% normal goat serum blocking solution was added,
followed by overnight incubation at 4 °C with 100 uL of diluted VEGFR-3 (1:500), PI3K
(1:1000), AKT (1:200), and mTOR (1:200). Then, 100 uL of enzyme-labeled goat anti-rabbit
IgG polymer (1:200) was added and incubated at 37 °C for 20 min. Counterstaining was
performed with hematoxylin for 2 min. The transparent slices were sealed. A quantita-
tive evaluation of immunohistochemical staining intensity was conducted employing the
Image] 1.x software for analysis.

3.6. Statistical Analysis

Statistical analysis and chart creation were performed using SPSS 22.0 statistical soft-
ware and GraphPad Prism 9 software. Measurement data are presented as the mean =+ stan-
dard deviation. A f-test was used to compare two groups, while a one-way analysis of
variance (ANOVA) was used for comparisons among multiple groups. A p-value of less
than 0.05 was considered statistically significant.

4. Results
4.1. Clinical Manifestations

Following the intervention, in contrast to the control cohort, the CEES group mani-
fested pronounced respiratory insufficiency, whereas the MP group evidenced respiratory
infectious manifestations. Upon the completion of a three-day acclimatization phase, the
mice demonstrated rapid responsiveness, nimble locomotion, and lustrous pelage. Ad-
ditionally, they maintained a normal dietary pattern, regular defecation, vibrant claw
coloration, and steady respiration.

After CEES administration, a marked decline in the mice’s health status ensued,
typified by apathy toward environmental cues, lethargic behavior, fur dullness, diminished
appetite, considerable body mass reduction, intense dyspnea, conspicuous chest heaving,
and cyanotic oral, nasal, and claw regions. Mice in the CEES atomization subgroup
presented with occluded eyes accompanied by discharge, engorged ear vasculature, and
the emission of black stools (depicted in Figure 2A).

The administration of the MP bacterial suspension triggered symptomatic responses
in the inoculated mice, including reduced activity levels, piloerection, a decrease in body
weight, and repetitive nasal grooming behaviors with claw usage to clean mucoid nasal
discharges.

A Ultrasonic Atomization Intratracheal Administration

Figure 2. Cont.



Microorganisms 2024, 12, 1132

6 of 13

* %

B * %k k ‘ C

~ 107 10
2 I | 9 100 7.5% Atomization
< < H
£ s —|_ = 80- —— 15m1n:|
§ E —e— 20min
_ ]
S & 60 6 pL Intratracheal
& . - = — Administration
k- £ 4N ]
© ] z 201 A%
£
0- T T 0 T T T 7 F T T T
15min 20min 7.5% 4.5% 0123456 12 15 18
I [ I
6 pL Intratracheal Survival Time (hr)

o ..
CEES 7.5% Atomization Administration

Figure 2. Analysis chart of clinical manifestations, clinical manifestations score, and survival rate
of mice. (A) In the CEES atomization group, damage to the surface mucosa of mice was evident,
including ear hyperemia, as indicated by the red arrow. In the intratracheal administration group,
cyanosis of the lips in mice was observed, as shown by the red arrow, indicating hypoxia. The
smooth fur of the NS group indicates health, while the upright hair in the MP group, as indicated
by the red arrow, suggests the presence of infection. (B) Clinical manifestation scores are expressed
as the mean £ SD (n = 6 mice per group). Statistical significance was denoted as ** for p < 0.01,
**** for p < 0.0001, and ns for non-significant differences (p > 0.05). Data analysis was conducted
using one-way ANOVA. (C) Survival analysis was conducted following the administration of CEES
to mice.

4.2. Survival Analysis and Clinical Score Following CEES Administration

The clinical performance scores of the CEES cohorts are depicted as follows (presented
in Figure 2B). There were no significant differences between the 20-min atomization group
and the 7.5% intratracheal administration group (p > 0.05). The clinical manifestations were
most severe in the 7.5% CEES intratracheal administration group and least severe in the
4.5% CEES intratracheal administration group. These severity levels were mirrored in the
survival rates, with the 7.5% group exhibiting the highest mortality rate, resulting in all
mice dying within 2 h after administration. Conversely, the 4.5% group had the lowest
mortality rate at 33.3%, and all deaths occurred within 6 h of administration (presented in
Figure 2C).

4.3. Gross Morphology of Mouse Lungs

Following an 18-h exposure to CEES, our investigation revealed that the mice in the
intratracheally administered CEES group exhibited grossly enlarged lungs, displaying a
brownish-yellow hue, a hardened and contracted consistency resistant to flattening, and
scattered patches of white necrotic areas on the surface. The tracheae in these mice revealed
white bronchial casts, accompanied by softened and dilated walls, and either disrupted or
absent normal cartilaginous ring architecture. Plastic-like material was observed to line
the bronchial passages, obstructing the principal bronchus. It had a soft texture and was
difficult to remove (Figure 3A).

Control group mice displayed compact lung parenchyma, characterized by a delicate
pink, with tracheae exhibiting transparency and elasticity that allowed for immediate
rebound upon stretching to resume their initial configuration. Their airways remained
patent, devoid of any plastic or mucus obstructions.

Mice in the nebulized CEES group presented lungs with vibrant red coloration, demon-
strating a modest volumetric increase alongside reduced tracheal rigidity. The tracheae
in this group were susceptible to injury upon manipulation, and crucially, they lacked
evidence of plastic cast formation.
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A Intratracheal Administration

Figure 3. The gross pathological manifestations, H&E staining, and histopathological scores of
the lungs in mice with plastic bronchitis. (A) Macroscopic pathological observations: In mice
administered CEES intratracheally, the trachea presented a white bronchial cast, highlighted by a
red arrow. Nebulization group: The whole lungs exhibited a vivid red hue, indicative of profound
pulmonary hemorrhage. (B) H&E staining findings: In the MP+CEES group, plastic-like material
deposition in the airway was evident, as pointed out by a red arrow. CEES nebulization group:
Notable features comprised bronchial luminal shedding of epithelial cells, as denoted by red arrows.
High-dose intratracheal group: Marked by a red arrow, excessive mucus accumulation in the trachea
was provoked. (C) Pathological scores are expressed as the mean + SD (n = 6 mice per group).
Statistical significance was denoted as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, and ns for
non-significant differences (p > 0.05). Data analysis was conducted using one-way ANOVA.

4.4. HE Staining

HE staining was performed on mouse lung tissues to visualize and quantify the in-
flammatory reaction. NS group: The bronchial lumina exhibited a normal morphology, free
from inflammatory cellular infiltration or fibrinous exudate, and the alveolar spaces were
not infiltrated by inflammatory cells. MP group: Evidence of inflammatory cell infiltration
was noted in lung tissue sections. CEES group: Abundant local infiltration of inflammatory
cells was observed, leading to inflammatory obstructions within bronchiolar tracts adjacent
to the trachea. MP+CEES co-treatment group: Profuse infiltration of red blood cells and
inflammatory cells was detected across the visual fields, accompanied by the formation
of plastic-like substances in the trachea. Predominantly, the plastic-like substances con-
sisted of aggregations resulting from neutrophilic inflammation coupled with fibrinous
exudates. CEES nebulization group: Observations included inflammatory cells, fibrous
exudates, and bronchial luminal shedding of epithelial cells; however, PB was not evident.
The intratracheal group revealed that excessively high dosages or concentrations elicited
copious mucus accumulation in the trachea, obstructing airways, and swiftly inducing
asphyxiation and mortality in mice, precluding the development of PB (Figure 3B).

4.5. Pathological Score

Mouse lung tissue HE staining was used for pathological scoring and statistical anal-
ysis (Figure 3C). Compared with the control group (0.83 £ 0.41), the MP+CEES group
(14.67 + 2.25) showed a significant increase in the lung inflammation score, with a sta-
tistically significant difference (p < 0.0001). The inflammation score of the 4.5% CEES
intratracheal administration group (10 & 1.55) was higher than that of the control group,
with a statistically significant difference (p < 0.001). There was no statistically significant
difference between the MP group (8.67 £ 4.08) and the CEES group (p > 0.05). The patho-
logical inflammation score of the MP+CEES group was higher than that of the MP group
and CEES group, and there was a statistical difference (p < 0.01).
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4.6. Immunohistochemistry

This investigation assessed the impact of combined MP+CEES on the PI3K/AKT/mTOR
signaling cascade and VEGFR-3 protein expression in murine pulmonary tissue via im-
munohistochemistry. Specimens stained with DAB and imaged at 200x magnification
revealed that, relative to controls, the MP+CEES cohort exhibited a substantial amplification
of cytoplasmic PI3K, AKT, and mTOR immunoreactivity, manifesting as intensified dark
brown granular staining, suggestive of heightened protein activation states. Image analysis
software quantitation disclosed that the PI3K/AKT/mTOR positive area ratio in the experi-
mental group surpassed that of the control by approximately a tripling magnitude, whereas
VEGEFR-3’s positive area fraction escalated by an eighty-fold increment (Figure 4). These
findings suggest that the combination of MP+CEES significantly enhances the activation of
pivotal signaling proteins and escalates the expression of lymphangiogenesis-associated
proteins, thereby furnishing tangible evidence that fosters a deeper investigation into
their modulatory roles within inflammatory responses and lymphatic vessel development
processes.

AKT

mTOR

VEGFR-3 o
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150 kokkk  kokokk %
sk ok 40 * 50
150 40
100 2 30 3 ﬁ
2 S o o 20
3 @ 1007 s 2 S 10 L
= = 4 % 20
50 o = =15
10 10
0.5
0 0- 0 0.0
S & &K & > & & & & F$ SERCIP R v
T Y& TS S $ S e &S
& ﬁ\q" %‘ &
PI3K AKT mTOR VEGFR-3

Figure 4. Inmunohistochemical results and scoring of PI3K/AKT/mTOR and VEGFR-3 in mouse
lung tissue. (A) Representative images of immunohistochemical staining in mouse lung tissue.
(B) Immunohistochemical scores are expressed as the mean £ SD (1 = 6 mice per group). Statistical
significance was denoted as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001. Data
analysis was conducted using one-way ANOVA.

5. Discussion

Presently, the literature implicates a correlation between the onset of PB and a myriad
of conditions, including post-operative congenital cardiac disorders, pulmonary inflam-
mation and infections, and anomalies in the lymphatic system of the lungs, among other
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comorbidities [18]. Independent studies from various single-center institutions consistently
identify MP as the primary etiological agent, trailed by adenoviruses and influenza viruses,
with bacterial, fungal, and other pathogens being less prevalent [4,19,20]. Despite signif-
icant progress in those involving antimicrobial and anti-inflammatory regimens for MP
infections, exclusive dependence on these interventions may be insufficient in promptly al-
leviating the critical health status of pediatric patients or effectively reducing the recurrence
of PB episodes [21]. Expanding the understanding of the pathophysiological mechanisms
underlying PB is paramount for devising targeted therapeutic interventions. Therefore,
there exists a pressing clinical necessity to promptly establish an MP-associated model of
PB to facilitate such advancements.

Nevertheless, current animal models of PB are constrained by both a paucity of diver-
sity and inherent limitations. The prevailing literature, as cited in references [6,16,22-24],
predominantly revolves around sheep models of smoke inhalation burns and rats exposed
to CEES-induced models. Regrettably, while the sheep smoke inhalation model does yield
PB manifestations, its primary application lies in investigating acute lung injury subsequent
to smoke inhalation. The distribution, quantity, and characteristics of PB it induces are
atypical. Rat models, while valuable, might not optimally replicate PB secondary to MP
infection. Hence, this investigation endeavored to establish a novel PB model explicitly
linked to MP infection, addressing the existing clinical and research gap.

BALB/c mice are the preferred animal model for establishing MP infection [25]. Prin-
cipally, they exhibit heightened susceptibility to MP infection. Furthermore, their status as
an inbred strain ensures genetic uniformity, thereby facilitating reproducible experimental
outcomes. Additionally, they boast advantageous reproductive traits alongside a prolonged
breeding duration. The prevailing protocol for establishing the MP infection model in
these mice entails continuous nasopharyngeal instillation of a 50 L bacterial suspension
over a five-day course [26]. Peak pulmonary inflammatory responses are observed within
the first week following inoculation [27]. Consequently, BALB/c mice were employed
in this study, with subsequent interventions and observations timed to coincide with the
apex of pulmonary inflammatory severity, occurring one week after infection. PB peaks at
18 h after CEES exposure in rat models. Thus, this timeframe is optimal for evaluating PB
manifestations.

The initial phase of this investigation centered on identifying the most efficacious
approach to establish a PB model. Following CEES administration, all groups exhibited a
spectrum of respiratory dysfunction, notably featuring tachypnea, heightened ventilation
volumes, conspicuous wheezing, and cyanotic episodes. A cited study utilized plethys-
mography for a more meticulous quantitative evaluation of murine respiratory functional
changes [28]. However, its application is constrained by the requirement for the animals
to be anesthetized or in a quiescent state [29], limiting broader applicability. After CEES
administration, mice in this study exhibited irregular respiration and reduced survival
times, rendering them unsuitable for direct respiratory function measurement. Conse-
quently, a less intrusive clinical score for respiratory distress was implemented to quantify
impairment, and statistical analyses were conducted to evaluate survival outcomes across
groups. The results indicated that in the intratracheal administration group, lowering the
dose achieved localized high-concentration stimulation without compromising the entire
lung, leading to enhanced survival rates. In the nebulization cohort, a paradoxical outcome
emerged: insufficient concentrations failed to elicit a therapeutic effect, whereas exces-
sive concentrations uniformly compromised lung tissue post-administration, escalating
mortality rates, thereby illustrating a complex concentration-response paradox.

Following CEES administration, varying extents of diffuse alveolar injury were docu-
mented in murine lung tissue across all cohorts, manifesting as alveolar septal edema, thick-
ening, or collapse, augmented erythrocyte presence within alveoli, and infiltrative intersti-
tial pneumonitis. Specifically, the group receiving 6 microliters of 4.5% CEES through intra-
tracheal instillation uniquely manifested bronchial-type airway impediments. Pathological
confirmation further elucidated that this phenotype corresponds to Type I plasticity within
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the SEEAR classification framework [30], characterized chiefly by neutrophil-predominant
inflammation accompanied by fibrinous effusion [31]. Within the high-concentration intra-
tracheal group, copious mucus accumulation in the principal bronchi ensued, precipitating
asphyxiation and swift fatalities in mice, thereby preempting the development of sub-
stantial inflammation necessary for PB manifestation. Mice in the high-concentration
nebulized cohorts exhibited vividly discolored, hemorrhagic lungs, coupled with abbrevi-
ated survival spans, restricting the potential for inflammatory responses to fully evolve.
The low-concentration cohort demonstrated solely histological evidence of airway epithe-
lial shedding, devoid of PB development. Hence, the administration of 6 microliters of
4.5% CEES via the intratracheal route has been established as the paramount intervention
strategy.

This study progressed by adopting an MP infection model to elucidate the connection
with plastic bronchitis. The virulence of MP is fundamentally attributed to its immunogenic
properties [32]. Intranasal administration of inactivated lysed cells to pathogen-free rodents
results in interstitial pneumonia and tracheitis that are clinically indistinguishable from
those induced by viable mycoplasma [33]. Even in the absence of direct respiratory exposure
to MP derivatives, systemic and localized humoral immune responses can still manifest [34].
Relative to controls, the MP+CEES cohort exhibited the maximum histopathological severity
score, indicative of exacerbated tissue pathology. This pneumonia is typified by an acute
infiltration of neutrophils and lymphocytes enveloping bronchioles, vasculature, and
alveolar septa. It is recognized in the literature that Mycoplasma pneumoniae pneumonia
coincident with plastic bronchitis correlates with modulated expression of inflammatory
proteins such as MUC5AC, MUCSB, and layilin [5]. Moreover, MUC5AC and MUC5B
are implicated in regulating mucus production in airways, potentially enhancing ciliary
clearance dysfunction, thereby positing them as crucial therapeutic targets in deciphering
the mechanistic connection between MP infection and plastic bronchitis [35,36].

Elevated inflammatory responses elicited by MP infections are implicated in promot-
ing lymph node enlargement and hyperactivation of the lymphatic system in pediatric
populations [37]. Patients diagnosed with Mycoplasma pneumoniae pneumonia exhibit a four-
to sixfold increased likelihood of experiencing lymph node swelling compared with those
afflicted by alternative microbial pneumonia [38]. Dysregulation in lymphangiogenesis
coupled with lymphatic vessel dysfunction exacerbates the extent of tissue injury [39,40].
Murine pulmonary infection with MP induces irreversible lymphatic dilation through
modulation of the VEGFR-3 signaling axis [41]. The activation of VEGFR-3 signifies a
disrupted balance between lymphatic vessel degradation and formation processes [42].
Lymph leakage from impaired lymphatic vessels, compounded by the infiltration of in-
flammatory cells within the tracheobronchial tree, fosters the progression of type I plastic
bronchitis [43,44]. Histological examination of lung tissues from plastic bronchitis patients
confirmed the infiltration of lymphatic fluids into the alveolar spaces [45]. This study eval-
uated the synergistic influence of MP+CEES on the PI3K/AKT/mTOR signaling pathway
and VEGFR-3 protein expression in murine lung tissue utilizing immunohistochemical
techniques. Compared with controls, the MP+CEES group demonstrated significantly
heightened immunoreactivity of PI3K/ AKT/mTOR and VEGFR-3, indicating amplified
signaling cascade activity. By contrast, the activation of this signaling cascade was not
detected in either the isolated MP group or the CEES group alone. The development of
MP-induced plastic bronchitis is potentially ascribed to the selective modulation of lym-
phatic vessel architectural alterations via the PI3K/AKT/mTOR signaling cascade and the
VEGEFR-3-mediated pathway.

6. Conclusions

This investigation systematically evaluated and identified the optimal methodology
for inducing a murine model of plastic bronchitis across varied administration modalities
and conditions. Upon co-infection with MP, a model of MP-associated plastic bronchitis
was successfully developed. The dual-induced model exhibited characteristic features
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of profound respiratory impairment, marked weight reduction, and the highest severity
of inflammatory injury. Immunohistochemical analyses illuminated that the underlying
mechanism of disease induction is potentially attributed to pulmonary lymphatic vessel
anomalies, mediated specifically via the PI3K/AKT/mTOR signaling cascade and the
VEGER-3 pathway. These findings facilitate a refined comprehension of the pathogenic
mechanisms underlying MP-induced plastic bronchitis. Moreover, the employment of a
combined pathogenic factor mediation technique for model induction paves the way for
the inclusion of plastic bronchitis cases triggered by diverse etiological agents within the
research purview.

Notwithstanding, this study has limitations, including the omission of further sam-
pling mouse blood and bronchoalveolar lavage fluid, the utilization of protein chip assays
for MUC5AC and MUCS5B quantification, and the specific identification of inflammatory
cell subsets via flow cytometric analysis. Future inquiries are warranted to delve further
into the intricate mechanisms underlying inflammation’s pathogenesis.
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