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Abstract: Cough-variant asthma (CVA), a distinct asthma phenotype characterized by chronic cough as the predominant symptom,
presents unique clinical and pathophysiological features. The development of accurate murine models is essential for elucidating its
underlying mechanisms and evaluating therapeutic interventions. While animal models remain indispensable tools for studying human
disease pathogenesis, current bronchial asthma models inadequately recapitulate CVA-specific pathology. Notably, CVA represents the
most common etiology of chronic cough in children and shares core pathogenic mechanisms with classic asthma—including chronic
airway inflammation, airway hyperresponsiveness (AHR), and remodeling. Despite established protocols for typical asthma modeling,
standardized CVA-specific models are lacking. This review synthesizes current methodologies for establishing CVA murine models,
evaluates modeling success criteria, and analyzes commonly employed sensitizers/induction approaches. We further examine physio-
logical, immunological, and molecular assessment parameters, proposing a comprehensive evaluation framework based on inflamma-
tory cell profiles, AHR, and cytokine expression. Such standardization is critical for advancing precision in CVA model development.
Keywords: cough-variant asthma, murine models, model development, assessment criteria

Introduction

Cough-variant asthma (CVA), a clinically significant asthma phenotype, has garnered increasing research attention due to
its distinct pathophysiology. Characterized by a predominant symptom of persistent cough — often accompanied by other
respiratory manifestations — CVA differs clinically from classic asthma. Murine models, leveraging well-defined genetic
backgrounds and experimental tractability, have emerged as essential tools for CVA investigation. Nevertheless, the
reliability and reproducibility of research outcomes critically depend on standardized model establishment and evaluation
criteria. Recent years have witnessed substantial refinements in CVA murine modeling methodologies and assessment
frameworks, particularly regarding inflammatory mechanisms and gene regulatory networks. Notably, airway epithelial
cell-derived exosomes play pivotal roles in CVA pathogenesis, with their cargo (including mRNA, microRNA [miRNA],
and long non-coding RNA [IncRNAY]) critically modulating airway inflammation.' Currently, the diagnosis of CVA poses
clinical challenges due to the complex and heterogeneous nature of various allergic and non-allergic factors, while its
prolonged treatment course adversely affects patients’ quality of life. Recent advances in molecular biology and
immunology have expanded CVA research beyond conventional pharmacotherapy to encompass gene regulatory net-
works and exogenous interventions. Long non-coding RNA PCGEM1 demonstrates therapeutic potential in pediatric
CVA by enhancing anti-inflammatory responses and preserving lung function, highlighting its value as an emerging
therapeutic target.?
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This review synthesizes current methodologies for establishing murine CVA models, standardized evaluation metrics,
and recent research advances to facilitate model standardization and application. Emerging technologies will increasingly
align CVA research with precision medicine paradigms, driving the development of individualized therapeutic strategies.
Deepening our understanding of murine models not only elucidates the pathophysiological mechanisms underlying CVA
but also provides a robust experimental foundation for novel therapeutic candidates.

Establishment and Evaluation of Murine Cough-Variant Asthma Models
Standardized Methodologies for Establishing Murine CVA Models

Selection and Application of Classical Sensitizing Agents
The choice of classical sensitizing agents is pivotal in establishing murine CVA models. Commonly employed agents
include ovalbumin (OVA), house dust mite (HDM), pollen, Ascaris antigens, cockroach allergens, platelet-activating
factor (PAF), and occupational sensitizers. Among these, OVA remains the most frequently utilized sensitizer in CVA
experimental models. Critical protocol parameters—including dosage, administration route, and temporal scheduling—
significantly impact airway inflammation and immune responses. Standardized protocols typically employ: OVA con-
centration: 1-5% (w/v), Sensitization routes: Subcutaneous injection or chronic exposure. Primary sensitization: Day 0,
Secondary sensitization: Day 7, Aerosol challenge: Day 14 (to induce asthmatic phenotypes).>* This sensitization-
challenge protocol drives Th2-polarized immune responses characterized by: Production of OVA-specific IgE antibodies,
Eosinophil-dominated airway inflammation, Elevated Th2 cytokines (IL-4, IL-5, IL-13).>® These pathological features
closely mirror human CVA, validating OVA’s utility in disease modeling. Notably, agent interactions require careful
consideration. Co-exposure to adjuvants like lipopolysaccharide (LPS) may synergistically exacerbate: Airway hyperre-
sponsiveness (AHR), Inflammatory cell infiltration, Cytokine dysregulation. Such combinatorial effects necessitate
comprehensive experimental design to accurately recapitulate asthma pathogenesis.”®

The selection and application of classical sensitizing agents are pivotal for establishing pathologically relevant murine
CVA models. Through strategic optimization of sensitizer choice, concentration, and administration routes, researchers
can recapitulate core pathophysiological features of CVA, thereby establishing a robust experimental foundation for
subsequent therapeutic investigations.

The Diversity of Induction Methods
Researchers employ diverse induction approaches—including intratracheal instillation, inhalation exposure, intraperito-
neal injection, and cigarette smoke exposure (CSE)—each presenting distinct strengths and limitations:

Intratracheal Instillation (See Figure )

Advantages. Precise and controllable: The dose of the antigen (eg, OVA) and the instillation site are accurate, ensuring
high model consistency.
Direct and efficient: Can rapidly establish airway inflammation and airway hyperresponsiveness (AHR).
Classic and reliable: One of the most classic and widely used methods in asthma research.
Limitations. Invasive procedure: Requires anesthesia and surgery, causing significant trauma to the mice and potentially
introducing procedure-related infections or injuries.
Non-physiological: Bypasses the upper airways, failing to simulate the natural process of inhalation sensitization.
Requires high technical skill: Needs a skilled operator to avoid tracheal damage.

Inhalation Exposure (See Figure 2)

Advantages. More physiologically relevant: Sensitization and challenge occur through natural airway inhalation, which
more closely mimics the human disease process.
Non-invasive/Minimally invasive: Typically uses a nebulization chamber, causing less stress to the animals.
Uniform distribution: Better simulates the diffuse distribution of allergens in the airways.
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Figure | Flowchart of endotracheal drip procedure.
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Figure 2 Flowchart of the inhalation exposure procedure.

Limitations. Difficult to control dosage: The antigen concentration in the chamber and the actual amount inhaled by each
animal are difficult to quantify precisely.

Time-consuming: Usually requires a longer period for sensitization and challenge.

Requires specialized equipment: Requires a nebulizer and airtight exposure system.

Intraperitoneal Sensitization + Inhalation Challenge (See Figure 3)

Advantages. Potent sensitization: Intraperitoneal injection of an adjuvant (eg, aluminum hydroxide) and antigen induces
a strong systemic immune response.

Stable model: The inflammatory and AHR phenotypes are typically very pronounced and stable

Extensively validated: One of the gold standard methods for inducing a Th2-type immune response.
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Figure 3 Flowchart of the intraperitoneal sensitization + inhalation challenge procedure.

Limitations. Overly systemic: May trigger an excessively strong systemic immune response, which is not entirely
consistent with the primarily airway-localized characteristics of CVA.

Non-natural route: The sensitization phase does not occur via the mucosa, differing from the human respiratory
sensitization pathway.

Cigarette Smoke Exposure (CSE) (See Figure 4)

Advantages. High clinical relevance: Particularly suitable for studying CVA induced or exacerbated by smoking or
environmental pollutants.

Simulates complex etiology: Allows for the study of the role of non-allergic factors in CVA.
Limitations. Complex mechanism: Smoke has complex components, and the induced inflammation may not be exclu-
sively Th2-type but also involve neutrophils, leading to high model heterogeneity.

Phenotype May differ: The resulting phenotype may be closer to chronic bronchitis or COPD, requiring careful
definition as a CVA model.

Exposure Phase

Generate Cigarette Smoke

~ Outcome

Non-Th2 Airway

Place Mouse in Chamber .
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Often with Neutrophils

Continuous Smoke
Inhalation

Figure 4 Flowchart of cigarette smoke exposure (CSE) procedure.
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Figure 5 Flow chart of aspergillus fumigatus-induced process.

Aspergillus Fumigatus-Induced (Figure 5)

Advantages. High Clinical Relevance: Aspergillus fumigatus is a common respiratory allergen. This model effectively
mimics the features of human fungal allergic asthma, including a strong mixed Th2 and Th17 immune response.
Induces Strong and Complex Airway Inflammation: Not only can it trigger typical eosinophil infiltration, but it also
significantly induces neutrophil infiltration, more closely resembling the pathological features of some patients with
refractory asthma.
Effectively Induces Airway Hyperresponsiveness (AHR) and Remodeling: It reliably induces AHR and may be
accompanied by airway remodeling manifestations such as mucus hypersecretion and airway smooth muscle thickening.
Ideal for Studying Specific Immune Responses: It serves as an excellent tool for investigating the sensitization,
immune memory, and response to a specific allergen.
Limitations. Biosafety Risks: Aspergillus fumigatus is an opportunistic pathogen. Working with its live cultures or
extracts requires appropriate biosafety level laboratories to prevent contamination of personnel or the environment.
Significant Model Variability: The activity of A. fumigatus extracts may vary between batches, and the mouse strain
and individual immune status can affect modeling consistency, requiring precise control of experimental conditions.
Cost and Technical Barrier: Preparing standardized A. fumigatus extracts is costly, and the entire experimental
process requires professional skills and protective facilities.
Clinical Application: Challenges and Advantages
Advantages. Irreplaceable for Mechanistic Exploration: Mouse models enable in-depth investigations that are not
feasible in humans, such as gene knockout and tissue-specific interventions, thereby elucidating drug mechanisms of
action at the molecular and cellular levels.
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Early-Stage Efficacy Screening Platform: They provide crucial preclinical evidence on the efficacy and safety of
a drug or its active components, guiding the design of subsequent human trials.

Challenges. Species Differences: Significant disparities exist between mice and humans in terms of respiratory system
anatomy, immune system, and cough reflex. Mice do not “cough” actively like humans; their cough models primarily
study “cough-like reflexes.”

Standardization of Phenotypic Assessment: Accurately and objectively counting cough frequency in mice remains
a technical challenge, and the comparability of data between different laboratories needs improvement.

The choice of induction method significantly impacts model stability and pathological characteristics. Studies
demonstrate that intratracheal instillation effectively induces airway hyperresponsiveness and inflammatory responses
in mice, which is crucial for investigating the pathogenesis of CVA.’ Furthermore, the selected adjuvant and challenge
agent play pivotal roles in model establishment. Research indicates that different types of adjuvants, such as methacho-
line, aluminum hydroxide, and lipopolysaccharide (LPS), can elicit varying degrees of airway inflammation, thereby
influencing the pathological features of the model. LPS, a potent immunostimulant, significantly increases inflammatory
cell infiltration and mucus hypersecretion in murine airways, closely resembling the clinical manifestations observed in
human asthma patients.'® When choosing the stimulus, researchers must consider their physiological effects on mice and
their relevance to human asthma pathology. Current research shows that combinations of multiple induction methods can
more comprehensively mimic the pathological characteristics of CVA. Researchers have successfully induced airway
hyperresponsiveness and inflammation in mice using a combination of intratracheal inhalation and intraperitoneal
injection, demonstrating excellent model stability and reproducibility.!’'* These studies provide deeper insights into
how different induction methods influence the establishment of murine models, thereby offering more reliable experi-
mental foundations for CVA research.

Applications of Gene Knockout or Transgenic Technology in Murine Models (Show in Figure 6)
Gene knockout and transgenic murine models have played a crucial role in investigating the mechanisms underlying
CVA. These models enable researchers to directly observe the impact of specific gene deletion or altered expression on
the pathophysiology of CVA. Transgenic murine models, generated by inserting exogenous genes, recapitulate patholo-
gical features of human disease, thereby facilitating our understanding of the relationship between genes and disease
pathogenesis. Researchers have utilized transgenic technology to establish various asthma-associated models, which
effectively evaluate the roles of specific genes in airway inflammation, airway hyperresponsiveness, and airway
remodeling.'>'* Concurrently, gene knockout mice are employed to validate the specific functions of target genes in
CVA pathogenesis. Studies demonstrate that deletion of certain key genes results in pronounced wheezing and allergic
responses in mice, further supporting the importance of these genes in asthma development.'>'®

Furthermore, long non-coding RNAs (IncRNAs), as emerging regulatory factors, have garnered significant attention
in recent research on CVA. Studies indicate that IncRNAs play crucial roles in airway inflammation and immune
responses. By constructing murine models featuring IncRNA-related gene regulation, researchers can deeply investigate
the functions of these IncRNAs and their mechanistic contributions to CVA. Targeted knockout of specific IncRNAs
leads to significant alterations in airway inflammation levels in mice, indicating their potential regulatory role in immune
responses.'> Such research not only enhances our understanding of CVA pathogenesis but also identifies novel
therapeutic targets. Gene knockout and transgenic murine models hold an indispensable position in mechanistic CVA
research. The application of these technologies enables more precise dissection of disease mechanisms, discovery of

novel therapeutic targets, and provides an experimental foundation for developing new interventions.

Selection of Adjuvants and Challenge Agents

During the sensitization phase of CVA animal models, adjuvants are commonly co-administered to prevent tolerance
development. Adjuvants are broadly categorized into immunogenic and non-immunogenic types.'” Domestically,
frequently used non-immunogenic adjuvants include aluminum hydroxide and alum, while immunogenic adjuvants
often involve Bordetella pertussis. Notably, alum can further promote the polarization of ThO cells towards a Th2
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Figure 6 Gene Knockout and Transgenic Technologies in CVA Murine Model Research.
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phenotype during sensitization.'® Currently, aluminum hydroxide is the primarily employed adjuvant in CVA animal
models, with its dosage regimen being well-established.

During the challenge phase, the selection of challenge agents and their concentrations must be determined based on
the cough reflex mechanism to assess cough responsiveness. Cough receptors are categorized into two primary types:

Mechanosensitive Cough Receptors

These include rapidly adapting receptors (RARs) and slowly SARs, which are myelinated vagal afferents. They are
typically activated by direct mechanical stimulation from inhaled foreign bodies, airway secretions, or inflammation, or
by dynamic changes in airway diameter or pressure, triggering the cough reflex.

Chemosensitive Cough Receptors

Primarily unmyelinated C-fiber afferents, these receptors are stimulated directly or indirectly by various chemical
irritants, such as noxious gases and smoke, capsaicin, citric acid, sulfur dioxide (SO,), and cinnamaldehyde, eliciting
the cough reflex."”

Capsaicin is the Most Widely Utilized Challenge Agent for Cough Provocation
It is typically administered as a solution at a concentration of 10~* mol/L.?° Alternative challenge agents include citric

acid and cinnamaldehyde.?' >

Evaluation Metrics for Murine Cough Variant Asthma Models

Cough variant asthma shares pathophysiological features with, yet remains distinct from, classic asthma. CVA exhibits
hallmark features of asthma, including eosinophilic airway inflammation, airway hyperresponsiveness (AHR), and
airway remodeling. However, unlike classic asthma, CVA typically lacks episodic dyspnea, and most patients do not
demonstrate significant reversible airflow limitation.”** Similar to clinical diagnosis, there are no strict criteria to
definitively differentiate CVA from classic asthma, nor are there universally established evaluation standards to
distinguish CVA animal models from classic asthma models. Consequently, developing CVA animal models with higher
clinical relevance and establishing appropriate model evaluation criteria represent crucial challenges in advancing CVA
research. Specific criteria proposed to differentiate CVA models from classic asthma models include:

Airway Responsiveness: During bronchial challenge testing, airway resistance should be less pronounced than in
classic asthma models and should increase progressively with escalating challenge concentrations. Eosinophilic
Inflammation: Bronchoalveolar lavage fluid (BALF) eosinophil counts should be lower than those typically observed
in classic asthma models. Behavioral Phenotype: Absence of significant wheezing symptoms.> Therefore, the successful
establishment of a murine CVA model, building upon the fundamental understanding of asthma, should demonstrate the
following characteristics:

Assessment of Airway Hyperresponsiveness (AHR)

The diagnostic criteria for CVA established by the Respiratory Group of the Pediatrics Branch of the Chinese Medical
Association emphasize normal pulmonary function in children alongside a positive bronchial challenge test indicating
AHR.?” Consequently, incorporating small animal pulmonary function testing into the evaluation metrics is essential.
Within murine CVA models, AHR serves as a critical physiological endpoint, and its assessment is paramount for
elucidating underlying pathophysiological mechanisms and developing targeted therapeutic strategies. AHR quantifica-
tion typically employs pulmonary function measurement techniques. The FlexiVent system, widely utilized in murine
studies, enables precise measurement of key parameters such as airway resistance (R) and dynamic compliance (C).
During experimentation, anesthetized and intubated mice undergo mechanical ventilation. Bronchoconstrictive agents are
administered via the ventilator to induce airway constriction, while pulmonary function parameters are recorded for
subsequent AHR analysis.”®*?° In CVA models, heightened AHR correlates strongly with clinical manifestations.
Enhanced AHR is frequently associated with airway inflammation, bronchoconstriction, and respiratory distress.
Studies demonstrate that CVA murine models exhibit significantly increased airway reactivity following methacholine
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challenge, manifesting as markedly elevated lung resistance. This response closely correlates with pathological features
such as inflammatory cell infiltration, elevated specific IgE levels, and airway remodeling.***' Furthermore, AHR
assessment not only validates the efficacy of murine CVA models but also provides crucial data for clinical research.
This facilitates a deeper understanding of patient pathophysiology and informs the development of patient-specific
therapeutic approaches.

Airway hyperresponsiveness can also be assessed non-invasively using whole-body plethysmography (WBP). This
method allows testing in unrestrained, freely moving mice and evaluates airway reactivity by recording parameters such
as enhanced pause (Penh). Although the accuracy and sensitivity of WBP may be lower than invasive techniques, its key
advantage lies in minimizing animal stress, potentially providing a better reflection of airway function under more natural
conditions.”®*° Consequently, the assessment of AHR holds significant importance in murine CVA models. By integrat-
ing diverse measurement techniques, researchers can achieve a more comprehensive evaluation of airway functional
status, thereby establishing a solid foundation for subsequent therapeutic investigations.

Behavioral Assessment of Respiratory Symptoms
Murine cough variant asthma models lack established behavioral criteria. Applying behavioral grading standards derived
from classic asthma animal models is inaccurate for CVA assessment. Consistent with the clinical presentation of CVA,
cough should serve as the primary behavioral endpoint. Guidelines recommend characterizing cough sensitivity using the
lowest concentration of capsaicin eliciting >5 coughs.*> However, many animal studies employ a fixed concentration of
capsaicin, utilizing cough frequency as the index of sensitivity. This approach is well-suited for guinea pig CVA models,
where cough episodes are readily observable. In murine CVA models, successful induction is indicated by manifestations
such as restlessness, tachypnea, nose scratching, piloerection, hunched posture, and reduced activity following challenge.
With repeated provocations, signs like lethargy and significantly reduced food intake further corroborate successful
model establishment.** For rat CVA models, positive indicators include pronounced abdominal muscle contraction.
Successful induction is further evidenced by the development of respiratory distress symptoms, such as deepened and
accelerated breathing, indicative of airway spasm.*>¢

Within the behavioral assessment of respiratory symptoms, monitoring cough frequency and respiratory patterns
constitutes a critical component for evaluating model validity, primarily relying on high-sensitivity instrumentation and
behavioral analysis. Common methodologies include the use of automated animal behavior observation systems, which
enable real-time recording of murine activity and respiratory rate. By meticulously monitoring respiratory patterns,
researchers can precisely quantify the frequency, duration, and intensity of cough events. Furthermore, the integration of
video monitoring with specialized image analysis software facilitates the quantitative assessment of murine respiratory
behaviors. This approach provides robust objective data to substantiate the occurrence of cough episodes.

Immunological Evaluation Criteria

Analysis of Inflammatory Cell Infiltration

Eosinophils represent the most significant cell type in airway allergic inflammation within murine CVA models. Driven
by eosinophil chemotactic activity, these cells migrate and accumulate locally, exacerbating the inflammatory response at
the lesion site.’’ Consequently, quantification of inflammatory cells in bronchoalveolar lavage fluid (BALF) is the
predominant method employed in CVA experiments. However, BALF specimens are inherently dilute, and cell recovery
is highly susceptible to procedural variations during lavage. To address this, Tan Jiejun et al*® refined the conventional
Wright-Giemsa staining protocol by implementing liquid-based cytology (LBC) slide preparation. This modification
significantly improved cell visualization and counting accuracy under microscopy. The inclusion of detection of
inflammatory cells and lymphocyte subsets in other lymphoid organs has enhanced our understanding of the systemic
immune response in asthma and its association with comorbidities and hypersensitivity.

Detection of Cytokines and Immunoregulatory Factors
In murine CVA models, the detection of cytokines and immunoregulatory factors serves as a critical tool for assessing
inflammatory responses. Particularly, the expression profile and balance of Th1/Th2 cytokines hold significant importance for
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understanding asthma pathogenesis and devising therapeutic strategies. Studies demonstrate that cytokines such as IL-4, IL-5,
and IFN-y play pivotal roles in asthma pathogenesis. Specifically, IL-4 and IL-5 are primarily associated with Th2-type
immune responses, while IFN-y serves as a hallmark cytokine of Th1-type responses. The Th1/Th2 cytokine balance directly
influences the airway inflammatory state and the progression of airway remodeling.**** Expression of IFN-y reflects the
activity level of Thl-type cells. Importantly, an imbalance in Th1/Th2 cytokines may exacerbate asthma symptoms and
contribute to disease severity in specific contexts.*'**

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) enables quantitative analysis of mRNA levels for
cytokines such as IL-4, IL-5, and IFN-y. This technique not only provides high-sensitivity detection of cytokine expression but
also reveals dynamic changes in their expression profiles across different pathological states. Studies utilizing RT-qPCR have
demonstrated significantly elevated mRNA levels of IL-4 and IL-5 in murine CVA models compared to controls. Conversely,
IFN-y levels may exhibit context-dependent variations associated with specific immune response states. These data provide
crucial molecular insights into the immune mechanisms underlying asthma.*>**

Flow cytometry represents a powerful alternative for cytokine detection, particularly when analyzing specific
cellular subsets. Flow cytometry analysis is used to identify and characterize inflammatory cells in various tissues,
including bronchoalveolar lavage fluid (BALF) and lymphoid organs. This technique enables precise quantification of
dynamic changes in ratios between immunoregulatory cell populations (eg, regulatory T cells [Tregs]) and effector
T cells (Teffs). Through this approach, researchers gain deeper mechanistic insights into how cytokines mediate
immune regulation, including their critical influence on immune cell differentiation and functional modulation within

asthma models.*>*¢

Molecular Biological Evaluation Metrics

Expression and Function of Long Non-Coding RNAs (IncRNAs)

Long non-coding RNAs play pivotal regulatory roles in murine CVA models, with the expression and function of
specific IncRNAs such as Inc-TRPM2-AS1 and IncRNA PCGEMI1 warranting in-depth investigation. Research
demonstrates that Inc-TRPM2-AS1 contributes critically to CVA pathogenesis by modulating T-cell balance and
participating in airway inflammatory responses. Specifically, Inc-TRPM2-AS1 expression is significantly upregulated
in allergic murine models. It influences the Th1/Th2 cell balance by regulating cytokine release, thereby promoting
further exacerbation of airway inflammation. This discovery provides a novel perspective for elucidating the role of
IncRNAs in immune regulation.'

Simultaneously, PCGEMI1, a tumor-associated IncRNA, has demonstrated potential pro-inflammatory roles in various
cancers and in CVA. Studies have revealed that PCGEM1 expression is significantly elevated in children with CVA and
correlates with the response to anti-inflammatory therapy. Through overexpression experiments, PCGEM1 was found to
enhance the therapeutic efficacy of anti-inflammatory drugs, such as montelukast, consequently improving airway function
and reducing inflammation in murine models. This indicates that PCGEM1 not only plays a significant role in the pathogenesis
of CVA but may also emerge as a novel therapeutic target for CVA in the future.® The influence of IncRNAs on inflammatory
responses and drug mechanisms has garnered widespread attention. LncRNAs mediate cellular inflammatory responses by
regulating multiple signaling pathways, particularly the NF-kB pathway. In murine models, overexpression of PCGEM1 was
shown to suppress the activation of the NF-kB pathway, thereby alleviating airway inflammation and further confirming its
potential as an anti-inflammatory target. This mechanism provides a theoretical foundation for the clinical treatment of CVA
and may underpin the development of new therapeutic strategies.*’

In summary, the expression and regulatory mechanisms of IncRNAs, such as Inc-TRPM2-AS1 and PCGEM1, and
their impact on inflammatory responses within murine models of CVA represent critical factors for understanding the
pathogenesis of CVA and the development of pharmacological therapies. Future research should further elucidate the
roles of these IncRNAs in distinct immune cell populations to uncover their potential therapeutic implications for airway

inflammation and asthma management.
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Activation Status of Key Signaling Pathways

In murine models of CVA, the activation status of key signaling pathways such as PI3K/AKT/NF-kB plays a crucial role
in the pathological processes. These pathways are not only pivotal for cellular proliferation, survival, and inflammatory
responses but also are closely associated with the initiation, progression, and clinical manifestations of CVA.***’ Studies
demonstrate that activation of the PI3K/AKT signaling pathway in CVA models is directly correlated with airway
hyperresponsiveness, inflammatory cell infiltration, and airway remodeling. Specifically, the activation of the PI3K/AKT/
NF-kB signaling pathway is recognized as a significant regulator of inflammatory responses in CVA murine models.
Utilizing techniques such as Western blot and immunofluorescence, a marked increase in NF-kB phosphorylation levels
can be observed in these models, indicating pathway activation in CVA. Furthermore, research has revealed that NF-«xB
activation in CVA murine models leads to elevated levels of pro-inflammatory cytokines, such as IL-6 and TNF-a, which
subsequently exacerbate airway inflammation and remodeling.>”

In experimental settings, pharmacological interventions can effectively modulate these signaling pathways. For
instance, Shuang anti-cough capsules significantly ameliorated airway inflammation, reduced inflammatory cell infiltra-
tion, and attenuated airway remodeling in CVA murine models by inhibiting the TLR4/MyD88/NF-«B and p38 MAPK
signaling pathways.’'>? Concurrently, components such as B-hydroxybutyrate have demonstrated the potential to
alleviate oxidative stress and inflammation by modulating the GSK3B/AMPK signaling axis to regulate Nrf2.?
Integrating these findings, it becomes evident that the activation status of signaling pathways, including PI3K/AKT/
NF-«B, significantly influences pathological alterations in CVA murine models. These pathways not only play a pivotal
role in the pathogenesis of CVA but also hold promise as novel targets and strategies for clinical therapy. Future research
should further elucidate the functions of these signaling pathways to advance the treatment of cough variant asthma.
Further exploration of their specific mechanisms may open new avenues for the therapeutic management of CVA.

Pathological Evaluation in Murine Models
Morphological Alterations in Airway Tissue
Morphological changes in airway tissue represent a prominent characteristic of CVA and other respiratory diseases.
These alterations primarily manifest as pathological phenomena including airway epithelial injury, mucous cell hyper-
plasia, and fibrosis. Airway epithelial injury is frequently accompanied by cellular apoptosis and disruption of inter-
cellular adhesion, leading to compromised airway barrier function. This impairment subsequently facilitates the initiation
of inflammatory responses by external stimuli. Studies have demonstrated significantly elevated concentrations of
cytokines, such as interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13), in the airways of asthma patients.
These cytokines promote the proliferation of airway smooth muscle and contribute to fibrosis.*°

Histologically, hyperplasia of mucous cells within the airways constitutes a significant pathological feature of CVA.
Numerous studies have demonstrated a close association between mucous cell hyperplasia in the airways and both airway
inflammation and airway remodeling. Periodic acid-Schiff (PAS) staining effectively visualizes changes in the number
and distribution of airway mucous cells, revealing a significant increase in mucus secretion within the airways of CVA
patients. This heightened mucus production is directly linked to the occurrence of airway hypersensitivity reactions.*>>
Research indicates that collagen deposition in the airway wall and the activation of fibroblasts play crucial roles in CVA
progression, leading to airway narrowing and airflow limitation.”*>> Common histological techniques for evaluating
airway morphological changes include hematoxylin and eosin (HE) staining, PAS staining, and Masson’s trichrome
staining. HE staining allows for the assessment of overall tissue architecture and cellular morphology, enabling the
identification of airway epithelial integrity and inflammatory cell infiltration. PAS staining is primarily employed to
detect mucous cell hyperplasia and clearly demonstrates mucus accumulation within the airways. Masson’s trichrome
staining effectively evaluates the extent of airway wall fibrosis by visualizing collagen fiber deposition, thereby
elucidating the degree of airway remodeling.’®>’ The integrated application of these histological evaluation methods
not only facilitates a deeper understanding of the pathological mechanisms underlying CVA but also provides critical
diagnostic information for clinical practice. This information guides the formulation of treatment strategies and the
assessment of therapeutic efficacy.
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Histological Analysis of Inflammatory Cell Infiltration

Histological analysis of inflammatory cell infiltration plays a crucial role in the investigation of CVA. Immunohistochemical
techniques enable the precise localization of specific types of inflammatory cells, thereby providing vital histological evidence
for understanding the pathogenesis of CVA. Inflammatory cells exert pivotal functions in airway inflammatory responses, and
both their quantity and activity exhibit a positive correlation with the severity of CVA.>® Assessing the relationship between
the degree of inflammation and pathological alterations is central to comprehending the pathophysiology of CVA. In our
preliminary studies, comparative analysis of tissue sections from control mice and CVA model mice revealed significantly
increased infiltration of eosinophils and lymphocytes within the CVA model group. This was accompanied by thickening of
the airway epithelium and hyperplasia of mucous glands. These alterations not only reflect the severity of local inflammation
but also may be associated with systemic inflammatory responses. Studies have indicated that levels of pro-inflammatory
cytokines, such as interleukin-10 (IL-1p) and interleukin-6 (IL-6), are markedly elevated in the lung tissue of CVA mice. This
elevation underscores the significance of systemic inflammation in the pathogenesis of CVA.*¢!

Furthermore, histological analysis reveals a link between cellular infiltration and the decline in pulmonary function. Under
chronic inflammatory conditions, airway remodeling and persistent inflammatory cell infiltration likely contribute to airway
hyperresponsiveness and airflow limitation, which are common clinical manifestations in CVA patients. These histological
features not only enhance our understanding of the pathogenesis of CVA but also identify potential therapeutic targets for
novel treatment strategies. Targeting specific inflammatory cells or the cytokines they secrete may improve the clinical
outcomes of CVA patients.**> Consequently, histological analysis of inflammatory cell infiltration holds significant implica-
tions for CVA research. Techniques such as immunohistochemistry enable not only the identification and quantification of
inflammatory cell infiltration but also the assessment of its correlation with clinical symptoms and pathological alterations,
thus providing crucial histological evidence for the investigation of cough variant asthma.

Application of Murine Models in Drug Mechanism Research
Validation of Traditional Chinese Medicine Formulas in Models
Murine models are gaining increasing prominence in CVA research, particularly for validating traditional Chinese
medicine (TCM) formulas. The mechanism by which the Baihe Qingfei Formula alleviates inflammation through
inhibition of the PI3K/AKT/NF-kB pathway has been extensively investigated. Studies demonstrate that this formula
not only ameliorates cough symptoms in patients but also effectively reduces airway inflammation.” Specifically, the
Baihe Qingfei Formula combats CVA-associated inflammation by modulating immune cell activity and cytokine
secretion, significantly lowering levels of pro-inflammatory factors such as IL-4 and tumor necrosis factor-alpha
(TNF-a). These effects are closely associated with its suppression of the PI3K/AKT/NF-kB signaling pathway.>’
Utilizing network pharmacology approaches, researchers employed computational biology tools to screen for the
primary active constituents of the Baihe Qingfei Formula. Molecular docking simulations were subsequently performed
to validate the binding affinity of these constituents to target proteins. This approach offers the advantage of identifying
bioactive components within the formula that interact with disease-relevant targets, thereby elucidating its potential
therapeutic mechanisms.”® In vivo experiments further substantiated the efficacy of the Baihe Qingfei Formula in
murine models. Studies demonstrated that the formula effectively reduced cough frequency, improved pulmonary
function, and diminished airway inflammatory cell infiltration in mice.®* Furthermore, experimental results indicated
that the inhibitory effect of the Baihe Qingfei Formula on the PI3K/AKT/NF-kB signaling pathway represents a key
mechanism underlying its anti-inflammatory action, providing theoretical support for its clinical application. Collectively,
these findings open new perspectives for the application of TCM within modern medical practice. They also underscore
the advantage of TCM formulas in treating complex diseases through multi-target and multi-pathway mechanisms.

Exploration of Mechanisms Underlying Modern Anti-Inflammatory Drugs

In the investigation of modern anti-inflammatory drugs, agents such as ephedrine and montelukast sodium exhibit
significant therapeutic potential. Ephedrine not only alleviates asthma symptoms by promoting airway dilation but also
modulates IncRNAs within airway epithelial cell-derived exosomes. This modulation influences the local inflammatory
milieu and immune responses, contributing to the reduction of chronic airway inflammation. On the other hand,
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montelukast sodium, a leukotriene receptor antagonist, has garnered widespread attention for its mechanism in amelior-
ating CVA through the regulation of the PCGEM1/NF-kB axis. Studies have demonstrated that its administration
significantly enhances PCGEMI1 expression while suppressing the activation of the NF-«B signaling pathway.
Consequently, this leads to a reduction in the release of pro-inflammatory factors, effectively alleviating CVA symptoms
and improving pulmonary function.®>*® Exploration of these mechanisms provides a theoretical foundation for clinical
treatment and lays the scientific groundwork for the development of novel anti-inflammatory agents.

Advances in modern technologies have enabled in-depth investigation into the mechanisms of action of these drugs. The
application of genomic and transcriptomic approaches facilitates the identification of genetic variations associated with drug
responses. This knowledge further optimizes the use of anti-inflammatory agents and provides a scientific basis for
personalized therapeutic regimens, ultimately enhancing the quality of life and treatment efficacy for patients with CVA.¢”¢%

Impact of Pharmacological Interventions on Immune Cell Balance

Pharmacological agents play a pivotal role in modulating immune cell balance, particularly under specific disease states.
The choice of therapeutic agent can significantly influence the ratio of Thl to Th2 cells, thereby impacting the severity of
airway inflammation. Thl cells primarily produce interferon-gamma (IFN-y), mediating cellular immune responses,
whereas Th2 cells secrete 1L-4, IL-5, and 1L-13, which predominantly drive immune responses associated with allergy
and asthma.®® In murine models of CVA, pharmacological interventions can regulate this cellular balance through various
mechanisms. Studies indicate that certain immunomodulatory agents significantly reduce levels of IL-4 and IL-5,
consequently attenuating allergic airway inflammation.”® Furthermore, corticosteroids promote Thl cell activity by
directly suppressing the release of inflammatory mediators and reducing the number of Th2 cells. This dual action not
only alleviates allergic reactions but also enhances more effective antiviral immune responses.’’

Pharmacological agents targeting immune cell balance can also influence other cell types, such as regulatory T cells
(Treg) and T helper 17 (Th17) cells. Treg cells maintain immune tolerance by suppressing excessive immune responses,
whereas Th17 cells play a significant role in promoting inflammatory reactions. Pharmacological interventions can alter
the overall immune status by modulating the ratio of these cell populations. Certain natural compounds have been shown
to enhance Treg cell differentiation while concurrently suppressing Th17 cell activity, thereby controlling allergic
disorders and reducing airway inflammation. This modulation of the Th17/Treg balance influences the severity of airway
inflammation through pharmacological intervention. The underlying process involves not only the regulation of cytokine
profiles but also potential alterations in immune cell metabolic reprogramming and microenvironmental cues. A deeper
understanding of these mechanisms is crucial for developing more effective therapeutic strategies for CVA.

Standardization and Challenges in Murine Model Evaluation Criteria

Multidimensional Integration of Evaluation Metrics

The establishment of standardized evaluation criteria for murine models in CVA research is receiving increasing
emphasis. To comprehensively assess model validity and reliability, researchers are exploring the integrated application
of physiological, immunological, and molecular biological metrics. This multidimensional integration not only enhances
model accuracy but also better reflects underlying pathophysiological mechanisms. Within this framework, physiological
parameters, such as respiratory frequency and pulmonary function tests, provide fundamental assessment of the model.
Immunological metrics, including eosinophil counts in serum and cytokine levels, facilitate a deeper understanding of
inflammatory response mechanisms.”> The detection of inflammatory cells and lymphocyte subsets in the lymphoid
tissue has advanced our understanding of the systemic immune response in asthma and its association with comorbidities
and hypersensitivity. Furthermore, molecular biological indicators, such as gene expression profiles and the activation
status of specific signaling pathways, reveal subtler pathological alterations. Evaluating the expression of immune
response-related genes elucidates the biological responses of murine models to diverse stimuli. This multi-tiered
evaluation strategy enables researchers to capture more complex biological phenomena, thereby improving the biological
relevance and translational potential of the models.””> The emphasis on enhancing model accuracy through combined
metrics aligns with the broader pursuit of individualized and precision medicine. By synthesizing multiple indicators,
researchers can more holistically characterize CVA murine models, providing a more robust foundation for optimizing
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clinical research and therapeutic regimens. For instance, the combined use of fractional exhaled nitric oxide (FeNO)
measurements and pulmonary function test results allows for more precise identification and classification of CVA
patients, aiding clinicians in developing tailored therapeutic plans.”* Data analysis methodologies are also critically
important within this multidimensional integration process. The application of machine learning and statistical techniques
enables researchers to extract meaningful insights from complex datasets, thereby providing a more scientific basis for
model construction and evaluation.”> This approach not only increases data processing efficiency but also renders the
model validation process more objective and reproducible, establishing a solid foundation for future investigations.

In conclusion, the integration of multidimensional evaluation metrics enables researchers to comprehensively
investigate the characteristics and underlying mechanisms of CVA murine models across different levels. This approach
is of significant importance for enhancing the biological relevance of these models and improving their utility in clinical
applications.

Challenges in Model Reproducibility and Stability

During the development of murine models for CVA, the issues of inter-laboratory reproducibility and model stability
present critical challenges requiring urgent resolution. Studies indicate that variations in model construction may stem
from multiple factors, including variations in laboratory equipment, operator technical proficiency, sources of experi-
mental materials, and environmental conditions. These variables not only compromise model reproducibility but can also
lead to divergent experimental outcomes. For instance, differences in the purity, concentration, and administration
protocols of antigens or inducing agents used across laboratories may significantly impact the pathophysiological
characteristics of the murine models.®” To enhance model reproducibility and stability, the implementation of standar-
dized operating procedures (SOPs) and evaluation frameworks is strongly recommended. Firstly, unified model devel-
opment standards encompassing animal selection criteria, inducing agent specifications, and controlled experimental
conditions should be established to minimize inter-experimental variability. Furthermore, employing standardized
assessment metrics to evaluate model validity and stability is paramount. Incorporating quantification of biomarkers,
pulmonary function testing, and histopathological analysis as core evaluation criteria is essential to ensure model
consistency across different laboratories.”

Regarding the evaluation framework, the adoption of multitiered assessment criteria encompassing biological
manifestations, pathophysiological features, and translational relevance of the models is recommended. These criteria
facilitate a more robust identification of model strengths and limitations, providing a reliable reference for future
research. Furthermore, regular interlaboratory comparative studies and collaborative exchanges should be conducted to
promote the sharing of best practices and methodological refinement. Such initiatives are instrumental in enhancing the
research quality and reproducibility of the models. Addressing the challenges of reproducibility and stability in murine
CVA models necessitates a systematic approach focused on standardized operating procedures and comprehensive
evaluation frameworks. By holistically addressing multiple contributing factors, this strategy enhances model consistency
and robustness, thereby enabling the generation of more reliable experimental data and facilitating the development of
more effective therapeutic strategies for cough variant asthma.

Application of High-Throughput Sequencing (HTS) Technology in Model Construction

and Evaluation

High-throughput sequencing technology has emerged as a powerful tool in biomedical research, particularly in the realm
of transcriptome sequencing. Transcriptome sequencing enables researchers to comprehensively analyze the expression
profiles of all RNA molecules within cells, thereby providing crucial support for uncovering alterations in IncRNA
expression and gene expression dynamics. IncRNAs play pivotal regulatory roles in numerous biological processes,
including gene expression, cellular proliferation, and differentiation. Relevant studies demonstrate that transcriptome
sequencing effectively identifies IncRNAs exhibiting significant differential expression under distinct physiological or
pathological conditions. These differentially expressed IncRNAs hold potential as disease biomarkers or therapeutic
targets, further advancing the development of personalized medicine.
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In the construction of murine models for CVA, transcriptome sequencing technology has demonstrated its potential
for elucidating underlying disease mechanisms. Research has revealed significant differences in gene expression profiles
between CVA and other asthma subtypes. The identification of these differential expression patterns lays the foundation
for understanding the pathological basis of CVA. For instance, transcriptome sequencing can reveal the activation of
specific inflammatory mediators and signaling pathways within CVA models, thereby providing a theoretical basis for
subsequent targeted therapeutic interventions.”” Furthermore, advances in HTS technology enable researchers to simul-
taneously analyze the expression of thousands of genes. This capability facilitates the identification of potential
regulatory networks and key driver genes within complex biological systems, fostering deeper insights into the
pathogenesis of CVA.

Future Research Directions and Perspectives
Personalization and Precision in Model Construction
With advancements in medical research, personalized and precision therapeutic approaches have become pivotal research
directions, particularly in the construction of CVA models. The potential to develop individualized CVA models utilizing
gene-editing technologies could significantly enhance their biological relevance and clinical applicability. Gene-editing
technologies, such as CRISPR/Cas9, enable researchers to precisely modify specific genes within murine models, thereby
mimicking the genetic background of human diseases. The application of this technology facilitates a deeper under-
standing of the pathogenesis of CVA and provides a foundation for developing targeted therapeutic interventions.
Existing research indicates that CVA exhibits significant clinical heterogeneity across individuals, potentially attri-
butable to variations in genetic background, environmental factors, and immune responses. Consequently, employing
gene-editing technologies to construct individualized murine models targeting specific genetic markers allows for the
simulation of diverse patient pathophysiological states. Such personalized models not only enhance research precision
but also yield more reliable experimental data for drug screening and therapeutic efficacy evaluation. Furthermore, the
development of personalized models necessitates the integration of bioinformatics and big data analytics. Comprehensive
analysis of patient-derived genomic, transcriptomic, and metabolomic data enables researchers to identify key biomarkers
associated with CVA. These biomarkers can subsequently be utilized to select appropriate models and predict their
responses to different treatment modalities. This data-driven personalized approach is instrumental in enhancing the
biological relevance of CVA models, ensuring they more accurately reflect patient-specific disease manifestations.
Research focused on constructing personalized CVA models based on gene-editing technology signifies the further
advancement of precision medicine within the field of respiratory diseases. As technologies continue to evolve, the future
is expected to enable the creation of increasingly sophisticated and individualized animal models, providing substantial
support for CVA research and therapeutic development.

Dynamic Monitoring and Real-Time Feedback in Evaluation Standards

The application of dynamic monitoring and real-time feedback within evaluation criteria is particularly crucial in murine
model research for CVA. Advances in biosensing technologies have rendered the dynamic monitoring of murine models
using these tools a feasible prospect. Biosensors can continuously collect physiological data from mice, including
respiratory rate, heart rate, and blood oxygen saturation. This real-time data stream enables researchers to promptly
assess the physiological status of the animals and the progression of experiments. Simultaneously, integrating dynamic
monitoring and real-time feedback via biosensing technologies allows researchers to establish more comprehensive
evaluation standards. These standards extend beyond conventional physiological parameters. They leverage the analysis
of big data acquired from biosensors to identify novel biomarkers and detect subtle physiological alterations.
Consequently, this approach enriches the information available for CVA research. The implementation of biosensing
technologies provides a novel evaluation methodology for the dynamic monitoring and real-time feedback of murine
CVA models. This methodology not only enhances experimental precision but also facilitates data-driven therapeutic
design, thereby further advancing research in cough variant asthma. Establishing more comprehensive evaluation criteria
through dynamic monitoring is another critical link bridging basic research and clinical translation. These criteria extend
beyond traditional endpoint physiological and pathological indicators. By analyzing the high-dimensional big data
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acquired from biosensors—such as respiratory variability and nocturnal heart rate changes—it is possible to discover
novel digital biomarkers relevant to the progression of human disease. For instance, specific breathing patterns have been
clinically associated with acute asthma exacerbations.’® Similarly, identifying analogous premonitory digital phenotypes
in murine models can help predict the onset or severity of CVA, thereby providing crucial clues for understanding the
disease patterns of human CVA.

Conclusion

The primary distinction between CVA models and conventional asthma models lies in their differential cough reactivity.
CVA animal models are derived from asthma models, with their primary sensitization target focused on the large airways.
Essentially, CVA models represent a modified, attenuated version of established asthma models. Methods for achieving
this attenuation vary considerably across published studies. Some protocols utilize a reduced dose of the sensitizing
agent, OVA, though no consensus exists regarding the optimal dosage. Others employ immunosuppressants administered
prior to sensitization to diminish the sensitized state. Alternatively, some researchers enhance cough sensitivity in classic
asthma models using additional stimuli, such as cigarette smoke exposure. Furthermore, significant variations exist in the
duration and frequency of OVA nebulization challenges used to induce airway injury. Similarly, the selection of
appropriate stimuli and their concentrations lacks widespread validation or standardization. The standardization of
these critical factors is paramount for developing CVA animal models that accurately recapitulate the core clinical
features of CVA: cough symptomatology, AHR, and characteristic pathological findings. Further experimental research
and refinement are essential to deepen the mechanistic understanding of CVA and ultimately provide patients with more
effective therapeutic options.
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