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Article 
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Abstract: Currently, therapeutic Fc-fusion protein is used for treating disease. ESAT6 (6-kDa early secretory 

antigenic target), secreted by Mycobacterium tuberculosis, is involved in immune regulation. Administered 

via intranasal immunization, ESAT6-Fc fusion protein significantly alleviated allergic airway inflammation 

and mucus hypersecretion, reduced the proportions of Th2 cells, Th17 cells and eosinophils with no observable 

histopathological injury to principal organs in ovalbumin (OVA)-induced allergic asthma (AA) model mice. A 

analysis of the transcriptome was conducted to explore its mechanisms of immune regulation, which confirmed 

that ESAT6 exerts an anti-AA effect by mainly suppressing some signaling pathways activation including 

Natural Killer Cell-Mediated Cytotoxicity, T Cell Receptor, Th1 and Th2 Cell Differentiation, Th17 Cell 

Differentiation, and Chemokine, which all belong to immune system in organismal systems. Meanwhile, The 

RT-qPCR validation results of Differently Expressed genes (DEGs) including Cd28, Icos, Cd48, Cd247, Cd40l, 

Itgal, Itgb2 and Ccl5 from the aforementioned pathways were consistent with the RNA-seq results. This study 

revealed the fundamental mechanisms of immune regulation underlying the effects of ESAT6 on OVA-induced 

allergic asthma. More importantly, this study provides valuable insights into the application of mucosal 

immunotherapy in treating AA, and ESAT6-Fc has potential as a secure mucosal immunotherapy agent for 

AA. 
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1. Introduction  

Allergic asthma (AA) is characterized by high level of IgE, type 2 cytokines such as interleukin-

4 (IL-4) and IL-13, Th17 cytokines such as interleukin (IL)-17A-F, IL-21 and IL-22, mucus 

hypersecretion, eosinophilia and airway hyperresponsiveness (AHR) [1,2].Dendritic cells 

(DCs),which represent the most potent antigen-presenting cells of the immune system, act as a bridge 

between innate and adaptive immunity [3].When stimulated by allergen, DCs induce the 

differentiation of naive T cells into Th2 and Th17cells [4].Th2 cytokines such as interleukin (IL)-4, and 

IL-13, facilitate recruitment and activation of eosinophils in the airway [5]. Th17 cytokines such as 

interleukin (IL)-17A-F, IL-21 and IL-22 induce mucous cell metaplasia and have pleotropic effects on 

airway smooth muscle resulting in airway narrowing [2,6]. Meanwhile, Th2 cells induce the B cells 

to product IgE, which binding to type I high-affinity IgE receptors (FcεRI) on mast cells and basophils, 

sensitizing them to get triggered when encountering with the same allergen [7], resulting in releasing 

of a large variety of inflammatory mediators, such as histamine and leukotrienes causing AHR [8,9]. 
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In recent decades, the incidence of allergic diseases has been increasing in industrialized 

countries [10], and effective treatment may require regulation of the allergic inflammatory responses 

[11]. "Hygiene Hypothesis", which has evolved into the "Microbiota Hypothesis" demonstrated that 

microbial exposures could alter the risk of subsequent allergic disease and asthma [12]. 

Epidemiological studies have shown that the prevalence and severity of AA are negatively correlated 

with BCG vaccination, and the mechanism of Mycobacterium tuberculosis (Mt.b) components 

inhibiting allergic diseases remain unclear [13,14]. Mt.b ESAT6 (early secreted antigenic target of 6 

kDa) secreted by Mt.b, is one of the major factors which regulating host immune responses [15,16]. 

The effect of ESAT6 on AA has been reported [17], however, the immune regulatory mechanisms 

underlying the ability of ESAT6 to alleviate the progression of AA remain unclear and need to clarify. 

The role of IgGs is distinguished by their high circulating levels, long half-life and ability to 

transfer from mother to offspring attributing to interactions with neonatal Fc receptor (FcRn), which 

binding to the Fc portion of IgGs, allowing IgGs transport across polarized cells such as the 

endothelium and epithelium [18,19]. Based on the above principle, therapeutic Fc-fusion protein 

which composed of Fc region of IgG and a desired linked protein, was introduced for the treatment 

of diseases [20,21,22].  

High-throughput transcriptome sequencing (RNA-Seq) is a novel technique that can discover 

novel RNAs, and identify differentially expressed genes (DEGs) under different conditions, which 

contribute to our understanding of disease-related changes [23]; and transcriptome analysis plays an 

essential role in identifying genetic networks underlying cellular, physiological and biochemical 

systems and establishing molecular biomarkers that respond to disease [24]. 

In this study, the eukaryotic expression plasmid pcDNA3.1 (+) Rv1875-Fc was constructed, and 

high-purity ESAT6-Fc fusion protein was obtained from Chinese hamster ovary cells (CHO) which 

is the predominant host cell line for the production of biopharmaceuticals [25,26].The aim of study is 

to investigate the effect of ESAT6-Fc fusion protein on OVA-induced AA by nasal mucosal 

immunization, and is followed by transcriptomics analysis to further explore the potential regulatory 

mechanism of ESAT6 on AA. 

2. Results  

2.1. Effects of ESAT6-Fc Fusion Protein on Allergic Asthma Model Mice 

To assess whether ESAT6-Fc fusion protein alleviate AA. Firstly, the ESAT6-Fc fusion protein 

was expressed and purified (Supplementary Fig.1). After ESAT6-Fc fusion protein were 

administrated intranasally to M group mice, its ability to alleviate AA was evaluated. In the M group 

mice (1% OVA), the percentages of Th2, Th17, and eosinophils are significantly higher compared to 

the N group) (Fig. 1 A; P < 0.0001 for Th2, Th17 and eosinophils), indicating that 1% OVA activated 

immune signaling pathways to mimic AA. Conversely, the percentages of cells were lower in the T 

group mice (P < 0.05, P < 0.001, and P < 0.001, respectively), indicating that the ESAT6 protein likely 

suppresses activation of some immune signaling pathways in the lung. To assess whether ESAT6 

protein modulate molecules expression involved in AA, levels of IL-4, IL-13, IL-17A and IgE in BALF 

were tested by ELISA. The results showed that levels of IL-4, IL-13, IL-17A, and IgE are significantly 

higher in BALF in M group mice compared with N group mice (P < 0.0001, P < 0.001, P < 0.0001 and 

P < 0.001, respectively). However, in T group, levels of IL-4, IL-13, IL-17A, and IgE are lower 

compared with M group(P < 0.001, P < 0.01, P < 0.01 and P < 0.05, respectively). In addition, 

histopathological analysis showed remarkable leukocyte infiltration in the peribronchial region of 

lung tissue of M group (P < 0.01). Meanwhile, the infiltration level of leukocytes was marked lower 

in T group mice compared to the M group (P < 0.01) (Fig 2C). The number of PAS-positive cells was 

substantially higher in the M group compared to the N group (P < 0.01), indicating higher mucus 

production. In the T group, the number of PAS-positive cells was significantly lower compared to the 

M group (P < 0.05), suggesting that ESAT6 suppressed mucus production (Fig 2D). HE staining had 

no observable histopathological changes in the heart, liver, spleen, and kidney samples of mice in the 

T group compared to the N group, indicating the safety profile of ESAT6-Fc (Fig. 2E). 
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Figure 2. Effects of ESAT6-Fc fusion protein on AA by intranasal immunization and security 

assessment. The percentage of Th2 cells, Th17 cells and eosinophils(A); Levels of IL‑4 , IL‑13, IL‑17 

and IgE in BALF (B); Effects of ESAT6 on airway inflammation in the peribronchiole region (H&E 

staining) (C); Goblet cell hyperplasia following ESAT6 treatment (PAS staining) (D). Data was 

expressed as mean ± standard deviation (SD) (n=4 per group). P < 0.05 means significant difference. 

2.2. Transcriptomic Results  

2.2.1. RNA-Seq Results and Quality Control 

The statistical data for each sample RNA sequencing (RNA-seq) reads are shown in Table 2. The 

nine libraries yielded a total of 416.86M raw reads from Illumina sequencing, with an average of 

46.32M reads per sample. Following quality-control filtering, the nine libraries yielded a total of 

412.17M clean reads, with an average of 45.8M clean reads per sample. The average quality scores 

Q30 of the clean reads were 97.07%, indicating that the clean reads were high quality. Furthermore, 

the clean reads of the sample produced a high average content of 98.88 %. 

Table 2. Information of RawData (FASTQ) about RNA-Seq. 

Sample 

Raw  

Reads 

 (M) 

Raw  

Bases 

(G) 

Clean  

Reads 

(M) 

Clean  

Bases 

(G) 

Valid 

Bases 

 (%) 

Q30 

 

(%) 

N1 41.49 6.14 40.87 6.05 98.5 97.15 

N2 44.00 6.54 43.54 6.47 98.94 97.2 

N3 48.09 7.13 47.46 7.03 98.68 97.1 

M1 47.62 7.06 47.03 6.97 98.76 97.17 

M2 47.10 7.00 46.61 6.92 98.95 97.04 

M3 46.40 6.88 45.85 6.8 98.83 97.05 

T1 47.45 7.06 47.03 7.00 99.12 97.12 

T2 47.66 7.09 47.23 7.03 99.11 96.95 

T3 47.04 6.99 46.58 6.92 99.02 96.85 

1M=1million; 1G=109. 

2.2.2. Principal Component Analysis (PCA) and Differentially Expressed Genes (DEGs) 

PCA was performed based on mRNA sequencing results, showing that the N, M and T groups 

could be distinguished. The N, M and T groups showed intra-group clustering and could be clearly 

separated during PCA, indicating mRNA of each group had good repeatability (Fig. 3 A); A total of 

614 genes in the M group were differentially expressed genes (DEGs) with 530 upregulated and 84 

downregulated genes comparing with the N group; and 520 genes in the T group were DEGs with 

52 upregulated and 468 downregulated genes comparing with the M group (Fig. 3B). 
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Figure 3. Principal component analysis (PCA) (A) and Statistics of Differently Expressed genes 

(DEGs) (B). N: normal group; M:1% OVA induced group; T: ESAT6-Fc treatment group. 

2.2.3. Pathway Enrichment Analysis of the DEGs Between the M and N Groups 

To confirm the successful establishment of the AA model, the KEGG enrichment analysis of 

DEGs was performed. The KEGG pathway Classification was divided into five categories: 

organismal systems, metabolism, human disease, genetic information processing, environmental 

information processing and cellular processes. Most of the DEGs are involved in organismal systems, 

human disease and environmental information processing. In organismal systems, the immune 

system exhibits the highest number of DEGs (Fig.4A). Top20 KEGG enrichment analysis displayed 

on Fig. 4B. DEGs Mainly enrich in the Cell cycle, Natural killer cell mediated cytotoxicity, T cell 

receptor signaling pathway, Th1 and Th2 cell differentiation, Th17 cell differentiation, Cell adhesion 

molecules, Cytokine-cytokine receptor interaction, and Chemokine signaling pathways. These 

signaling pathways are related to the initiation and progression of allergic inflammatory responses 

[31,32,33], indicating the successful generation of the AA model.  

 

Figure 4. Analysis of differentially expressed genes (DEGs) between the M and N groups. The gene 

KEGG pathway Classification (A); Top 20 KEGG enrichment pathways based on rich factor and P-

value (B). N: normal group; M:1% OVA induced group. 

2.2.4. KEGG Enrichment Analysis of Pathways and Genes Regulated by ESAT6 

To gain further insights into the biological functions of DEGs regulated by ESAT6, a KEGG 

enrichment analysis was conducted. A total of 231 different pathways were significantly enriched 

due to treatment with ESAT6-Fc. From them, top 20 pathways displayed on Fig 5, DEGs are mainly 

involved in human diseases, organismal systems, cellular processes, and environmental information 

processing. In organismal systems, DEGs are predominantly enriched in Natural Killer Cell-

Mediated Cytotoxicity (mmu04650), which giving rise to a complex NK/dendritic cell (DC) cross-talk 

to help T(H)1 responses [34]; T Cell Receptor Signaling Pathway (mmu04660),critical for allergic 

airway disease, is triggered by signals of the T-cell receptor (TCR) and the cytokines generated during 

polarization [35]; Th1 and Th2 Cell Differentiation (mmu04658), which induce many of the hallmark 

features of asthma including airways hyperreactivity, eosinophilic by produce cytokines [36];Th17 

Cell Differentiation (mmu4659), which plays an important role in the pathogenesis of AA and 

requires Notch signaling [37]. In Cellular Processes category, DEGs are primarily enriched in the Cell 

Cycle (mmu4110), which requires the cell adhesion to the extracellular matrix (ECM) via integrin 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 November 2024 doi:10.20944/preprints202411.0404.v1

https://doi.org/10.20944/preprints202411.0404.v1


 6 

 

receptors triggers signaling pathways [38]. In the Environmental Information Processing, DEGs are 

chiefly concentrated in Cell Adhesion Molecules (mmu04514), which is important for stabilizing the 

immunological synapse and inducing T-cell activation and proliferation [39]; and Cytokine-Receptor 

Interactions (mmu04060), in which cytokines regulate tissue regeneration and allow communication 

between various cell types by binding to cognate receptors [40]. 

To elucidate the immune regulation mechanism which the ESAT6 protein modulates AA in 

immune system of organismal systems, key regulatory factors involved in such signaling pathways 

as Natural Killer Cell-Mediated Cytotoxicity, T Cell Receptor Signaling Pathway, Th1 and Th2 Cell 

Differentiation, Th17 Cell Differentiation and Chemokine were identified and listed in Table 3. 

 

Figure 5. KEGG enrichment analysis of pathways. KEGG enrichment circle chart (A): The first circle 

represents the pathway of the first 20 enrichments with different colors represent various classes; The 
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second circle represents the number of genes involved in this pathway as well as the p-value; The 

third circle contains the number of differential genes that have been adjusted up and down, with pink 

color up, and blue color down; Top 20 KEGG enrichment term (B); Top 20 KEGG enrichment 

pathways (C). M:1% OVA induced group; T: ESAT6-Fc treatment group. 

Table 3. Pathways and genes regulated by ESAT6 in immune Systems. 

KEGG Pathway Gene name 

Natural killer cell 

mediated cytotoxicity 

(mmu04650) 

Cd247 Cd48 Fasl Fcgr4 Gzmb H2-Q10 H2-Q6 H2-Q7 

H2-Q9 H2-T-ps Hcst Ifng Itgal Itgb2 Klra1 Klra4 

Klra7 Klra8 Klrb1c Klrc1 Klrc2 Klrd1 Klrk1 Lat 

Lck Lcp2 Nfatc2 Prf1 Prkcb Sh2d1a Tnf Zap70 

T cell receptor 

signaling pathway 

(mmu04660) 

Cd247 Cd28 Cd3d Cd3e Cd3g Cd40l Cd8a Cd8b1 

Ctla4 Grap2 Icos Ifng Itk Lat Lck Lcp2 

Mapk10 Nfatc2 Pdcd1 Prkcq Ptprc Tnf Zap70  

Th1 and Th2 cell 

differentiation 

(mmu04658) 

Cd247 Cd3d Cd3e Cd3g Ifng Il12b Il12rb1 Il12rb2 

Il2rb Lat Lck Mapk10 Nfatc2 Prkcq Runx3 Stat4 

Tbx21 Zap70       

Th17  cell 

Differentiation 

(mmu04659) 

Cd247 Cd3d Cd3e Cd3g Ifng Il12rb1 Il21r Il27ra 

Il2rb Lat Lck Mapk10 Nfatc2 Prkcq Tbx21 Zap70 

        

Chemokine signaling 

pathway 

（mmu04062） 

Ccl3 Ccl4 Ccl5 Ccr2 Ccr5 Ccr9 Cx3cr1 Cxcl10 

Cxcl9 Cxcr3 Cxcr6 Dock2 Itk Pik3cg Pik3r5 Ppbp 

Prkcb Rac2 Was      

Note: Black represents downregulated genes, red present up-regulated genes. 

2.4.5. Validation of RNA-Seq Results by RT-qPCR  

Eight ESAT6 down-regulated DEGs including Cd28, Icos, Cd48, Cd247, Cd40l, Itgal, Itgb2 and Ccl5 

from immune system were selected to validate the results of the RNA-seq. The results of RT-qPCR 

were in line with the results of transcriptome analysis (Fig. 6). 

 

Figure 6. The RT-qPCR results of Cd28, Icos, Cd48, Cd247, Cd40l, Itgal, Itgb2 and Ccl5. N: normal 

group; M:1% OVA induced group; T: ESAT6-Fc treatment group. 

3. Discussion 

Asthma affects 3% of the global population, leading to over 0.25 million deaths annually [41]. As 

the main phenotype of asthma, Allergic asthma (AA) impose heavy economic and productivity 

burdens [42]. The conventional treatment modalities in AA are associated with side effects [43,44], 
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emphasizing the need for alternative therapeutic agents. ESAT6 identified as a potent T-cell antigen, 

is secreted through the ESX-1 secretion system (Type VII) of M. tuberculosis [45]. The respiratory 

mucosal system plays an important role in the pathogenesis of AA, and the respiratory epithelium 

and mucosa provide a physical, functional, and immunologic barrier to protect the host from the 

inhaled environmental particles [46,47]. In recent years, respiratory mucosal immunotherapy exerts 

an important role in the treatment of asthma and other diseases [48,49].  

Herein, the ESAT6-Fc fusion protein was intranasally administered and effectively inhibited the 

aggregation of Th2 cells, Th17 cells, and eosinophils in the lung. Besides, the ESAT6-Fc fusion protein 

inhibited the proliferation of bronchial goblet cells and concomitantly down-regulated the levels of 

IL-4, IL-13, IL-17, and IgE in the BALF of OVA-induced AA model mice. To examine the underlying 

mechanisms of immune regulation of the ESAT6 protein against AA, the signaling pathways of DEGs 

were analyzed using KEGG. Compared with N group, the up-regulated DEGs in M group are 

predominantly enriched in signaling pathways of Natural Killer Cell-Mediated Cytotoxicity, T Cell 

Receptor Signaling Pathway, Th1 and Th2 Cell Differentiation, Th17 Cell Differentiation, Chemokine, 

and Hematopoietic cell lineage in organismal systems, indicating that these signaling pathways have 

been activated by OVA.            

T cells are crucial for immune functions to maintain health and prevent disease [50].   Natural 

Killer T (NKT) cells possess remarkable ability to modulate the immune response through the rapid 

secretion of various cytokines, and represent a promising target against AA [51]; CD4 T cells play 

critical roles in mediating adaptive immunity involved asthma and allergic responses. During TCR 

activation, naive CD4 T cells differentiate into one of several lineages of T helper (Th) cells, including 

Th1, Th2, and Th17 [52]. Immune cell trafficking is orchestrated by chemokine/chemokine receptor 

system in the allergic diseases [53]. 

After treated with ESAT6, in the organismal systems, the down-regulated DEGs are mainly 

enriched in Natural Killer Cell-Mediated Cytotoxicity, T Cell Receptor, Th1 and Th2 Cell 

Differentiation,Th17 Cell Differentiation, Chemokine, and Hematopoietic cell lineage signaling 

pathways compared with M group. These findings suggest that ESAT6 exerts an anti-AA effect by 

suppressing the activation of these signaling pathways. From the above signaling pathways, eight 

ESAT6 down-regulated DEGs including Cd28, Icos, Cd48, Cd247, Cd40l, Itgal, Itgb2 and Ccl5 were 

randomly selected for validation. 

As well known that following T-cell receptor (TCR) activation, many co-receptors can enhance 

or suppress the TCR signal, and therapeutically targeting the co-receptors has been proven effective, 

and the B7-CD28 family is comprised of such immune-regulatory receptors [54,55];Inducible T-cell 

costimulator (ICOS) belongs to the CD28 family of cosignaling molecules, which binds to ICOS ligand 

(ICOSL) [56],and the ICOS signaling pathway plays main roles in coordinating the response of 

allergic reactions [57]; CD48, a costimulatory receptor and an effector molecule in asthma, has array 

of biological functions, such as adhesion, cellular activation and cytokine regulation, with potential 

as a target for therapy of allergic disease [58,59].CD247,also known as TCRZ, is expressed primarily 

in natural killer (NK) and T cells [60],and is relevant to allergic disease [61]. CD40 and CD40L are 

widely expressed in various types of cells, among which B cells and myeloid cells express high levels 

of CD40, and T cells and platelets express high levels of CD40L which acting as direct participants in 

asthma-related signaling pathways [62,63]. ITGAL (CD11a, gene name Itgal) and ITGB2(CD18, gene 

name Itgb2), the two subunits of LFA-1(integrin αLβ2, CD11a/CD18), is a member of the β2 integrin 

family localized on the surface of leukocytes [64]. T cells only express CD11a/CD18 (LFA-1) Of all β2-

integrins [65], which playing key roles in the pathological progression of AA [66]. Chemokines play 

important roles in inflammation and in immune responses [67], and CCL5 is known to play an 

important role in the pathogenesis of AA [68]. Herein, these eight genes encode proteins are central 

to allergic and asthmatic responses.  

When the ESAT6-Fc fusion protein infiltrates the respiratory epithelium of AA mice trafficked 

by FcRn, it is absorbed as a foreign macromolecule via pinocytosis or receptor-mediated endocytosis 

by phagocytes, especially dendritic cells (DC), neutrophils, and macrophages located in the 

respiratory submucosa. Simultaneously, antigens (ESAT6) are processed and presented by DC to 
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initiate a Th1-driven adaptive immune response [69]. Therefore, the proportion of Th2 cells, Th17 

cells and eosinophils in the lung, as well as the levels of IL-4, IL-13, IL-17A and IgE in the BALF are 

significantly decreased. 

Overall, ESAT6 exerts an anti-AA effect by suppressing the OVA-induced  signaling pathways 

activation of Natural Killer Cell-Mediated Cytotoxicity, T Cell Receptor, Th1 and Th2 Cell 

Differentiation, Th17 Cell Differentiation, and chemokine in immune system of organismal systems, 

which were confirmed by RT-qPCR. 

4. Materials and Methods 

4.1. Construction of Eukaryotic Plasmid and ESAT6-Fc Fusion Protein 

To obtain ESAT6-Fc fusion protein, the pcDNA3.1(+)-Rv3875-Fc was constructed. Briefly 1116 

bp nucleotide sequences encoding HSV2⁃gD signal peptide, M.tb ESAT6 and mouse IgG2a Fc were 

synthesized by Sangon Biotech Co., Ltd. (Shanghai, China), and subsequently inserted between the 

polyclonal sites of HindIII and XhoI of pcDNA3.1 (+). Following this, pcDNA3.1-Rv1875-Fc was 

confirmed by HindⅢ/ XhoI (NEB, UK) enzyme digestion and sequencing (Beijing Ruibo Xingke 

Biotechnology Co., Ltd). Lastly, ESAT6-Fc fusion protein was produced and purified by Nanjing 

Mingyan Biotechnology Co., Ltd (Nanjin, China). 

4.2. Animals and Grouping 

A total of 18 female 7-week-old C57BL/6J (weight,18±1.0 g) mice were purchased from the 

Experimental Animal Center of Ningxia Medical University (certificate no. SCXK, 2020-0001).The 

mice were randomised into three groups (n=6/group): (1) normal group (N group); (2) AA modle 

group (M group), sensitised and challenged with 1% OVA; (3) ESAT6-Fc treatment group (T group), 

sensitised and challenged with 1% OVA, treated with ESAT6-Fc by intranasal immunization (Fig.1). 

4.3. Allergic Asthma Mice Model  

To establish the AA mouse model, Briefly, mice were intraperitoneally administered 1% 

ovalbumin (OVA, Solarbio, Beijing, China) three times over 14 days [27]. They were allowed ad 

libitum access to food for 14 days. Next, mice were nebulized with 1% OVA once daily for 20 minutes 

[27]. The timeline for AA model displayed in Fig.1. All procedures were approved by the Ethics 

Committee of Ningxia Medical University (approval no. 2024-G221; approval no.2024-N0023). 

4.4. Ag85B-Fc Fusion Protein Treatment  

To assess the effect of ESAT6-Fc on the symptoms of AA, the ESAT6-Fc fusion protein and a 

CpG adjuvant were intranasally administered to the AA model mice. Briefly, 14 days after 

intraperitoneal injection with 1% OVA, mice were intranasally administered 20 µL of a mixture 

composed of 10 µg Ag85B-Fc and 10 µg CpG adjuvant (ODN1826, invivogen, France). After 14 days, 

revaccination was performed to boost the immune reaction [28]. Thereafter, the mice were nebulized 

daily with 1% OVA for 5 days, with each session lasting 20 minutes [27]. The timeline for ESAT6-Fc 

treatment displayed in Fig.1. Finally, the mice were euthanized to collect bronchoalveolar lavage 

fluid (BALF), serum, as well as lung, heart, liver, spleen, and kidney samples for further experiments.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 November 2024 doi:10.20944/preprints202411.0404.v1

https://doi.org/10.20944/preprints202411.0404.v1


 10 

 

 

Figure 1. Timelines for OVA-induced AA mice model and ESAT6-Fc treatment. 

4.5. Flow Cytometry  

Right lung lobes were cut into fragments, and digested in RPMI-1640 medium containing 1 

mg/mL collagenase I (D8140, Solarbio, China) and 10 µg/mL deoxy ribonucnase I (D8071, Solarbio, 

China) for 60 min. The single-cell suspension was centrifuged before supernatant removing, and the 

cells were resuspended in staining buffer (E-CK-A107, Elabsence, Wuhan, China) and labeled with 

FITC-CD4 and Percp-efluor710-IL-4 (Thermo Fisher, America) for Th2; Efluor450-CD45、APC-

CD11b and PE-CD170 (Thermo Fisher, America) for eosinophils； PE-IL-17A (Thermo Fisher, 

America) for Th17. The percentage of Th2, Th17 and eosinophils was analyzed by BD FACSCelesta 

Flow Cytometer（Becton, Dickinson and Company, America）. 

4.6. Enzyme Linked Immunosorbent Assay (ELISA) 

levels of IL-4, IL-13, IL-17A and IgE in BALF were measured using ELISA kits (Jiangsu Jingmei 

Biotechnology Co., Ltd) according to the manufacturer's instructions. 

4.7. Lung Histological Analysis 

Left lungs were fixed with 4% paraformaldehyde (PFA) for 24 h at room temperature, and cut 

into 5 µm sections after embedded in paraffin. The deparaffinized and rehydrated tissue sections 

were stained with hematoxylin and eosin (H&E) solution or with periodic acid Schiff (PAS) stain. The 

severity of inflammation on H&E-stained lung sections was evaluated as the following grade: “0”, 

normal, “1”: few cells, “2”: a ring of inflammatory cells, 1 cell layer deep, “3”: a ring of inflammatory 

cells 2–4 cells deep, and “4”: a ring of inflammatory cells of > 4 cells deep [29]. Goblet-cell hyperplasia 

was assessed from PAS-stained lung sections according to the percentage of goblet cells in the 

epithelial cells: “0”, no goblet cells; “1”, < 25%; “2”, 25–50% ; “3”, 51–80% ; and “4” > 80% [30].  

4.8. cDNA Library Construction and RNA-seq Analysis  

Total RNA from lung tissue of each mice was extracted with the TRIzol Reagent (Invitrogen, 

CA, USA). The purity and quantification of RNA determined using the NanoDrop 2000 

spectrophotometer (Thermo Scientific, USA), and RNA integrity was assessed using Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Then the libraries were constructed using 

the VAHTS Universal V6 RNA-seq Library Prep kit. RNA-Seq analysis were performed by Shanghai 

OE Biotechnology Co., Ltd. (Shanghai, China). Gene expression estimates and differentially 

expressed genes (DEGs) were identified based on fold change (FC) >2 or < 0.5 and P < 0.05. Based on 

DEG annotations, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses 

were conducted. Raw Illumina sequences were deposited in the Gene Expression Omnibus (GEO) 

(accession number: GSE274427).  
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4.9. KEGG Pathways Enrichment Analysis   

Pathway-based analysis helps to understand each gene’s biological functions. For this 

experiment, the enrichment level of DEGs in the KEGG pathways (http://www. genome.jp/kegg/) 

was obtained. Furthermore, pathways with p < 0.05 were considered significant enrichment.  

4.10. Validation of RNA-seq Results  

A total of eight DEGs were selected for the quantitative real-time PCR (RT-qPCR) experiment to 

validate the RNA-seq results and the relative gene expression was calculated with the 2−ΔΔCt. β-actin 

was used as a reference gene during the experiment, and primers for RT- qPCR are shown in Table 

1. The RNA was the same as that used for cDNA library construction (Section 2.8.). ABI 9700 system 

was used for the RT- qPCR. The experiment was conducted three times, with three replications for 

each treatment.  

4.11. Statistical Analysis  

Data were expressed as the mean ± standard deviation (SD) and analyzed using GraphPad Prism 

6 software (GraphPad Software, Inc., San Diego, CA, USA). Bioinformatic analysis was performed 

using the OECloud tools at https://cloud. oebiotech.com. Student’s T-test was used to compare the 

difference between two groups. P-value < 0.05 was statistically significant. 

Table 1. Primers for the RT-qPCR. 

Gene  Reference sequence Forward primer (F) Reverse primer (R) 

CD28 NM_007642.4 AACCAGAGAAGGCCAAGATTA TATGTGTCAAGAGGCTGACT 

Icos NM_017480.3 ATGGTGTTCTCTCTCTTCAGAT CTCACACAGAAAGGACCG 

CD48 NM_007649.5 TTCATCCCTAGCAGTGTTCC GCAGACGTTCAGTAACACATT

CD247 NM_031162.4 TTCACCTGCTGATGTCACTT CTCGTCATGAAATGGTGGC 

Cd40lg NM_011616.3 AGGCACATAGAGCTGGAATA GGGTTGCTGTTTCAGATTGTA 

Itgal NM_001253872.1 GGAGAACTCCACTCTCTATATCA TGTTGTGGTCATAGGCAGAT 

Itgb2 NM_008404.5 TGGTAGGTGTCGTACTGATT TCCTTCTCAAAGCGCCTGTA 

CCL5 NM_013653.3 AACTATTTGGAGATGAGCTAGG GGACTAGAGCAAGCAATGAC 

β-Actin NM_007393.5 GGCTCCTAGCACCATGAAGA AGCTCAGTAACAGTCCGCC 

5. Conclusions 

In this study, pcDNA3.1(+)-Rv3875-Fc was successfully constructed, and high-purity ESAT6-Fc 

fusion protein was obtained. The ESAT6-Fc fusion protein immunized via nasal mucosa significantly 

inhibited the aggregation of Th2 cells, Th17 cells, and eosinophils in OVA-induced lungs, as well as 

inhibited the proliferation of bronchial goblet cells and down-regulated the levels of IL-4, IL-13, IL-

17 and IgE in BALF. In addition, no histopathological changes were observed in the heart, liver, 

spleen, or kidney tissues of mice in the ESAT6-Fc fusion protein treated group compared to the 

control group. 

According to KEGG pathway enrichment analysis, DEGs were significantly enriched in 

signaling pathways including Natural Killer Cell-Mediated Cytotoxicity, T Cell Receptor, Th1 and 

Th2 Cell Differentiation, Th17 Cell Differentiation, and Chemokine in immune system of organismal 

systems before and after ESAT6 treatment.  

Additionally, validation results for Cd28, Icos, Cd48, Cd247, Cd40l, Itgal, Itgb2 and Ccl5 were in 

line with the results of transcriptome analysis. This study revealed the fundamental immune 

regulatory mechanism underlying the effects of ESAT6 on OVA-induced AA. More importantly, this 

study provides valuable insights into the application of mucosal immunotherapy in treating AA and 

ESAT6-Fc might act as a secure mucosal immunotherapy agent for AA. 
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