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Highlights 26 

1. SARS-CoV-2 infection induces mast cell accumulation and degranulation in the peri-trachea in mice. 27 

2. Mast cell activation induces the production of inflammatory factors in bronchial epithelial cells. 28 

3. Ebastine or loratadine reduces the induction of inflammatory factors and alleviate tracheal injury in mice. 29 

 30 

 31 
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Abstract 32 

SARS-CoV-2 infection-induced hyper-inflammation is a key pathogenic factor of COVID-19. Our research, 33 

along with others’, has demonstrated that mast cells (MCs) play a vital role in the initiation of hyper-34 

inflammation caused by SARS-CoV-2. In previous study, we observed that SARS-CoV-2 infection the 35 

accumulation of MCs in the peri-bronchus and bronchioalveolar-duct junction in humanized mice. Additionally, 36 

we found that MC degranulation triggered by the spike protein- resulted in inflammation in alveolar epithelial 37 

cells and capillary endothelial cells, leading to subsequent lung injury. The trachea and bronchus are the route 38 

for SARS-CoV-2 transmission after virus inhalation, and inflammation in these regions could promote viral 39 

spread. MCs are widely distributed throughout the respiratory tract. Thus, in this study, we investigated the role 40 

of MCs and their degranulation in the development of inflammation in tracheal-bronchial epithelium. 41 

Histological analyses showed the accumulation and degranulation of MCs in the peri-trachea of humanized 42 

mice infected with SARS-CoV-2. MC degranulation caused lesions in trachea and the formation of papillary 43 

hyperplasia was observed. Through transcriptome analysis in bronchial epithelial cells, we found that MC 44 

degranulation significantly altered multiple cellular signaling, particularly, leading to upregulated immune 45 

responses and inflammation. The administration of ebastine or loratadine effectively suppressed the induction 46 

of inflammatory factors in bronchial epithelial cells and alleviated tracheal injury in mice. Taken together, our 47 

findings confirm the essential role of MC degranulation in SARS-CoV-2-induced hyper-inflammation and the 48 

subsequent tissue lesions. Furthermore, our results support the use of ebastine or loratadine to inhibit SARS-49 

CoV-2-triggered degranulation, thereby preventing tissue damage caused by hyper-inflammation.  50 

 51 
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1. Introduction 53 

The coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 infection has led to a significant 54 

impact on global public health (Jiang and Shi, 2020; Wu et al., 2020; Zhou et al., 2020). A key pathologic feature 55 

of COVID-19 is the induction of hyper-inflammatory response, resulting in uncontrolled production of 56 

inflammatory cytokines and chemokines, leading to multi-organ failure, especially in the aged population and 57 

individuals with co-morbidities (Carsana et al., 2020; Guan et al., 2020; Mehta et al., 2020a; Mehta et al., 2020b; 58 

Dries, 2021; Song et al., 2021; Stein et al., 2022). Systemic inflammation is considered the primary 59 

pathophysiological factor for COVID-19 sequelae (Mehandru and Merad, 2022; Ryan et al., 2022; Altmann et 60 

al., 2023; Chaves et al., 2023; Marshall, Jr., 2023; Mohandas et al., 2023). However, the mechanisms underlying 61 

the induction of inflammation remain to be elucidated. 62 

SARS-CoV-2 is predominantly transmitted via inhalation of respiratory droplets from infected individuals 63 

(Li et al., 2022). The epithelium of the nasal cavities, trachea, and large and small airways express high levels 64 

of viral receptor ACE2 (angiotensin converting-enzyme-2), and ACE2 expression increases in the elderly, 65 

smokers, and patients with chronic lung diseases (Leung et al., 2020; Baker et al., 2021; Bui et al., 2021). We 66 

and others have demonstrated the widespread distribution of SARS-CoV-2 virions in the peri-bronchus and 67 

bronchioalveolar-duct junction (Gu et al., 2020; Jiang et al., 2020; Wu et al., 2021). The tracheal-bronchial 68 

epithelium lining consists mainly of ciliated cells, secretory goblets, and basal cells. Among those, the ciliated 69 

cells express abundant ACE2 molecules and are most susceptible to SARS-CoV-2 infection (Hou et al., 2020b; 70 

Ahn et al., 2021; Khan et al., 2021). These infected ciliated cells can produce and shed multiple viral particles, 71 

which can move deeper into the lungs through inhalation (Robinot et al., 2021; Morrison et al., 2022). These 72 

tracheal-bronchial epithelial cells can be hyperactivated by SARS-CoV-2, leading to release of massive amounts 73 

of cytokines that triggered hyperactivation of leukocytes, hyper-inflammation, and tissue damage. Multiple 74 

desquamated bronchial epithelial cells were visible in the bronchial lumens in autopsies of COVID-19 patients. 75 

Ciliary impairment is accompanied by the axoneme loss and basal body misorientation (Potashnikova et al., 76 

2023). SARS-CoV-2 replication leads to a rapid loss of the ciliary layer and impairs mucociliary clearance in a 77 

reconstructed human bronchial epithelium model (Robinot et al., 2021). Pathological phenomena, such as open 78 

intrapulmonary bronchopulmonary anastomoses, bronchial arteries enlargement, bronchopulmonary fistula and 79 

airway fibrin cast obstruction have been identified in COVID-19 patients (Barral et al., 2020; Galambos et al., 80 

2021; Malkoc et al., 2022; Bodmer et al., 2023). Uncovering these virus-host interactions and induction of 81 

inflammation in the trachea-bronchia regions helps to understand viral spread and pathogenesis.  82 

Mast cells (MCs) are tissue-resident cells strategically located throughout the host-environment interface, 83 

including the entire respiratory tract and the nasal cavity. In addition to being the main effector cells in type I 84 

allergic reactions, MCs are increasingly recognized for their regulatory roles in various pathophysiological 85 

processes (Elieh Ali Komi et al., 2020; Lam et al., 2021). In SARS-CoV-2 infection, MCs are massively 86 

recruited to the alveolar septa and pulmonary parenchyma in postmortem lung biopsies of COVID-19 patients 87 

or infected monkeys (Motta Junior et al., 2020; Ribeiro Dos Santos Miggiolaro et al., 2020; Malone et al., 2021; 88 

Budnevsky et al., 2022; Schaller et al., 2022). The severity of SARS-CoV-2 infection is associated with higher 89 

Jo
urn

al 
Pre-

pro
of



numbers of alveolar MCs and greater degranulation (Krysko et al., 2022). Furthermore, the sera of post-acute 90 

sequelae of COVID-19 patients display a distinct profile of elevated inflammatory cytokines and MC-released 91 

proteases, suggesting an association between MC-induced systemic inflammation and long-COVID (Wechsler 92 

et al., 2022).  93 

Recently, we discovered that SARS-CoV-2 infection led to the accumulation and degranulation of MCs in 94 

the peri-bronchus and bronchioalveolar-duct junction in humanized mice. The degranulation of MCs can induce 95 

the production of inflammatory factors in alveolar epithelial cells and capillary endothelial cells, resulting in 96 

lung injury (Wu et al., 2021; Wu et al., 2022). MC degranulation in the lungs of SARS-CoV-2-infected mice 97 

and nonhuman primates leads to lung inflammation and damages. Furthermore, the activation of lung MCs is 98 

significantly associated with disease severity in humans (Tan et al., 2023). The trachea and bronchus are the 99 

route for SARS-CoV-2 transmission through inhalation, and inflammation in these regions may facilitate viral 100 

invasion and spread. In our previous study, we have demonstrated that the interaction between the spike protein 101 

and the ACE2 receptor can induce MC degranulation (Wu et al., 2021). The spike proteins are highly expressed 102 

in the respiratory tract epithelia of COVID-19 patients and contribute to the inflammatory response (Dorward 103 

et al., 2021). Therefore, in this study, we aimed to investigate the role of MC degranulation in inducing 104 

inflammation in the tracheal-bronchial epithelium.  105 

 106 

2. Materials and Methods 107 

2.1. Cell lines and virus strains 108 

Human bronchial epithelial cells BEAS-2B were purchased from the Meisen CTCC, Zhejiang, China and 109 

cultured in DMEM/F12 medium (Gibco, USA). The culture medium contains 10% fatal bovine serum (Gibco), 110 

100 U/mL penicillin and 100 μg/mL streptomycin. The culture of LAD2 human mast cells was prepared 111 

according to the reference (Wu et al., 2021). Pseudotyped virus was generated by EZ Trans cell transfection 112 

reagent (Life iLab, AC04L082)-mediated co-transfection of HEK293T cells with the spike-expressing plasmid 113 

pcDNA3.1-2019-nCoV-S-IRES (strain 2019-nCoV WIV04) and pNL4-3. Luc. ΔR ΔE (Liu et al., 2020). These 114 

two plasmids are provided by Dr. Lu Lu (Fudan University, Shanghai, China). Harvested supernatants of 115 

transfected cells that contained viral particles were aliquoted and stored at −80 °C.  116 

2.2. Mouse strains and infection experiments 117 

C57BL/6N-ACE2em2(hACE2-WPRE, pgk-puro)/CCLA mice (3–4 months old) were purchased from Guangzhou 118 

Institutes of Biomedicine and Health, Chinese Academy of Science (Liu et al., 2021). The mice were randomly 119 

assigned to each group. The mice (five for each group) were infected by nasal inhalation with SARS-CoV-2 120 

(strain 107) (5 × 106 TCID50) for indicated times. Mock infection was established with the same amount of PBS. 121 

The 107 strain of SARS-CoV-2 (NMDC000HUI) was provided by Guangdong Provincial Center for Disease 122 

Control and Prevention, Guangdong Province of China (Song et al., 2020). For some mice, ebastine (5 mg/kg) 123 

or loratadine (10 mg/kg) (both from Sigma-Aldrich) was administered one day before infection, and the 124 

treatments continued daily throughout the infection. Pathological, virological and tracheal samples were 125 

collected on the day of euthanization. 126 
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2.3. Histological analysis 127 

To analyze the tracheas of mice, tissues were fixed in zinc formalin and routine histology was performed. 128 

Tissue sections of approximately 4 μm were stained with Hematoxylin and Eosin (H.E.) or Toluidine blue (T. 129 

Blue). The pathological section scanning and image analysis system (Tissue FAXS Plus ST) was utilized to 130 

examine the sections.  131 

2.4. Real-time (RT-)PCR 132 

The total RNA of BEAS-2B cells was extracted using the Trizol reagent (Invitrogen, USA). cDNA was 133 

synthesized from purified RNA (1 μg) using HiScript III RT SuperMix for qPCR kit. Real-time PCR was carried 134 

out by using the SYBR qPCR Mix (Genestar, A33-101) with the following thermal cycling conditions: 95 °C 135 

for 30 s followed by 40 cycles consisting of 95 °C for 10 s, 60 °C for 30 s. The expression level of target mRNA 136 

was normalized to GAPDH. The primers used for RT-PCR are listed in Supplementary Table S1. 137 

2.5. RNA Sequencing and data analysis 138 

Total RNAs from treated BEAS-2B cells were extracted using Trizol (Invitrogen) according to the 139 

manufacturer’s protocol, and ribosomal RNA removed using QIAseq FastSelect-rRNA HMR Kits (QIAGEN, 140 

Germany). Fragmented RNAs (average length approximately 200 bp) were subjected to first strand and second 141 

strand cDNA synthesis, followed by adaptor ligation and enrichment with a low-cycle according to the 142 

instructions of NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, USA). The purified library 143 

products were evaluated using the Agilent 2200 TapeStation and Qubit2.0 (Life Technologies, USA). The 144 

libraries were paired-end sequenced (PE150, Sequencing reads were 150 bp) at Guangzhou RiboBio Co., Ltd. 145 

(Guangzhou, China) using Illumina HiSeq 3000 platform. The data analysis was according to the reference (Wu 146 

et al., 2021). 147 

2.6. Statistical Analysis 148 

Graphpad Prism 8.0 was used for statistical analysis. The statistical significance of difference between 149 

intra-groups was determined through Student's unpaired t-test.  150 

 151 

3. Results 152 

3.1. SARS-CoV-2 infection induces MC accumulation and degranulation in the peri- trachea and causes 153 

lesions in hACE2-humanized mice 154 

In humanized mice, we have observed that SARS-CoV-2 infection could induce MC accumulation and 155 

degranulation in the peri-bronchus and bronchioalveolar-duct junction (Wu et al., 2021). To investigate whether 156 

the same phenomenon occurs in the trachea, the ACE-2-humanized mice C57BL/6N-ACE2em2(hACE2-WPRE, pgk-157 

puro)/CCLA were intratracheally infected with SARS-CoV-2 (strain 107, 5 × 106 TCID50), then euthanized at 5 days 158 

post-infection (dpi) for histological analysis of the trachea. Mock infection was performed using the same 159 

amount of PBS. MCs and their degranulation were indicated by metachromatic labeling with Toluidine blue (T. 160 

blue). Compared to the mock-infection group (Fig. 1A), the accumulation of MCs and the release of granules 161 

were observed in the peri-trachea at the 5 dpi (Fig. 1C, 1E). Trachea lesions around the areas of MC 162 

accumulation and degranulation were examined using Hematoxylin and Eosin (H.E.) staining. Compared to the 163 
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mock-infection control (Fig. 1B), trachea lesions such as papillary hyperplasia, infiltration of inflammatory cells 164 

(lymphocytes and monocytes), and hyperplasia of epithelial cells, were observed around the areas of MC 165 

accumulation and degranulation (Fig. 1D, Supplementary Fig. S1B). Notably, there was obvious papillary 166 

hyperplasia in the airway trachea, which is often associated with inflammatory response (Dunbar et al., 2016). 167 

The papillary hyperplasia count and MC count was calculated in the peri-trachea (Fig. 1F–G). Taken together, 168 

these results demonstrate the accumulation and degranulation of MCs in the peri-trachea of SARS-CoV-2-169 

infected mice, accompanied by obvious trachea lesions.  170 

3.2. Transcriptome analysis reveals MC degranulation inducing remodeling of cellular signaling in human 171 

bronchial epithelial cell 172 

We previously demonstrated that the binding of spike/RBD protein with ACE2 receptor triggered MC 173 

degranulation in a LAD2 cell-based human MC model (Wu et al., 2021). We adopted this cell model to examine 174 

the effect of MC degranulation on the induction of inflammatory factors in human bronchial epithelial cell. 175 

SARS-CoV-2 spike/RBD protein was used to trigger degranulation in LAD2 cells, then the cell culture 176 

supernatants were harvested and used to treat the human bronchial epithelial cell BEAS-2B for 12 h. Then, 177 

BEAS-2B cells were collected and used for transcriptome analysis with standard protocols. 178 

The volcano plot displayed a total of 519 up-regulated and 356 down-regulated genes in BEAS-2B cells 179 

upon treatment with spike/RBD-treated LAD2 cell culture supernatants (the sample “S”), compared to the group 180 

treated with normal cell culture supernatants (the sample “M”) (Fig. 2A). To determine which genes were 181 

regulated by spike/RBD-induced MC degranulation, the GO analysis on up- and down-regulated genes was 182 

performed. The up-regulated genes were primarily associated with immune activity and inflammation reactions, 183 

such as inflammatory response regulation, immune effector processes, CXCR chemokine receptors binding, and 184 

granulocyte activation, etc. In contrast, the gene sets that regulate extracellular matrix organization, microtubule 185 

development, cell adhesion and cell migration were down-regulated (Fig. 2B). The gene set enrichment analysis 186 

(GAES) showed that the up-regulated genes were associated with regulating inflammatory responses and the 187 

SARS-CoV-2 life cycle, while the down-regulated genes were related to negative regulation of cell growth (Fig. 188 

2C). 189 

Transcription-factor enrichment showed that the differential expressed genes (DEGs) related to immune 190 

and inflammatory responses were up-regulated, e.g., RELA, REL, NFKB1, STAT1, STAT3, SP1, PPARA, CEBP-191 

β/δ. The down-regulated transcription factors were mainly those governing cell growth and tumor formation, 192 

such as ETS1, ARNTL, MYBL2, TP53 (Fig. 2D). The expression levels of inflammatory cytokines/chemokines 193 

increased substantially, among which the most increased were IL-6, CSF1, CCL20, TNFSF14, and CXCL 194 

chemokine family in cells (Fig. 2E). Genes governing the negative regulation of cell growth and the cell 195 

adhesion were significantly down-regulated including NPPB, RGS4, SFRP2, NTM, BMP6 and SEMA3E (Fig. 196 

2F and G). Genes involved in regulating the viral life cycle were also upregulated, and the most significantly 197 

up-regulated genes included SLPI, CXCL8, PTX3, CCL2, and IL-32 (Fig. 2H). In addition, BEAS-2B cells 198 

express abundant ACE2 receptors and are susceptible to spike-pseudotyped viral infection (Supplementary Fig. 199 

S2).  200 
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Taken together, the transcriptome data reveals that spike/RBD-triggered MC degranulation has a 201 

significant impact on multiple cellular signaling in human bronchial epithelial cells. Specifically, MC 202 

degranulation upregulates immune responses and inflammation, while inhibits cellular signals involved in cell 203 

growth and adhesion. 204 

3.3. Blocking MC activation hinders the induction of inflammatory factors  205 

Next, we went to confirm the induction of cytokine/chemokines in human bronchial epithelial cells 206 

following MC degranulation. The BEAS-2B cells were treated with LAD2/RBD co-culture supernatants 207 

(LAD2/RBD-supern.) or LAD2 cell normal culture supernatants (LAD2-supern.) for 12 h. Medium was used 208 

as mock control. The expressions of IL-6, IL-8, CCL20, CXCL10 and S100A9 were detected with real-time 209 

(RT-) PCR. The “LAD2/RBD-supern” induced a significantly high level expression of these 210 

cytokine/chemokines in BEAS-2B cells (Fig. 3A, 3B). The spontaneous or basal MC degranulation (the sample 211 

of “the LAD2-supern”) resulted in minimal expressions of these cytokine/chemokines (Fig. 3A). In parallel, 212 

direct treatment of BEAS-2B cells with RBD proteins did not lead to any stimulation of these 213 

cytokine/chemokines (Fig. 3B).  214 

We have previously reported that the compounds of ebastine (Eba.) or loratadine (Lor.) could reduce 215 

spike/RBD-induced MC degranulation (Wu et al., 2021; Wu et al., 2022). When treated with ebastine or 216 

loratadine, the capacity of cell culture supernatants from spike/RBD-treated MCs to induce IL-6, IL-8, CCL20, 217 

CXCL10 and S100A9 in BEAS-2B cells was significantly reduced (Fig. 3B). As a control, the direct treatment 218 

of BEAS-2B cells with Eba. or Lor., without additional degranulation stimulation did not affect cytokine 219 

expression (Supplementary Fig. S3).  220 

Taken together, these data demonstrate that supernatants from spike/RBD treated MCs induce the 221 

expression of inflammatory factors in human bronchial epithelial cell. However, the treatment with ebastine or 222 

loratadine reduces the induction of inflammatory factors.   223 

3.4. The induction of inflammatory factors by MC granules 224 

MC granules contain multiple biologic mediators, including histamine, serotonin, heparin, 225 

cytokine/chemokines, and enzymes such as chymase and tryptase, etc (Elieh Ali Komi et al., 2020). We have 226 

previously detected the rapid release of histamine, chymase and tryptase in SARS-CoV-2 (or spike/RBD)-227 

treated LAD2 MC cells (Wu et al., 2021; Wu et al., 2022). The released histamine triggered by SARS-CoV-2 228 

has been reported to induce high IL-1 levels, resulting in cytokine storm in COVID-19 patients (Conti et al., 229 

2020). To profile the mediators-induced expression of inflammatory factors in human respiratory epithelial cells, 230 

the BEAS-2B cells were treated with histamine, chymase and tryptase for 12 h, respectively. The results showed 231 

that chymase and tryptase stimulated the expression of IL-6, IL-8, CCL20 and CXCL10, whereas, histamine 232 

induce preferentially S100A9 (Fig. 4).   233 

3.5. The treatment with Lor. and Eba. reduces SARS-CoV-2-induced tracheal injury in mice 234 

We have previously demonstrated that the administration of ebastine or loratadine dampened SARS-CoV-235 

2-induced production of inflammatory factors and thus prevented lung injury in mice (Wu et al., 2021; Wu et 236 

al., 2022). To determine whether the compounds play the same role in respiratory tract, we used the same SARS-237 
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CoV-2 infection model based on hACE-2 humanized mice. The C57BL/6N-Ace2em2(hACE2-WPRE, pgk-puro)/CCLA were 238 

treated with Lor. (10 mg/kg) or Eba. (5 mg/kg) via intraperitoneal injection. one day prior to intranasal infection 239 

with SARS-CoV-2 (strain 107) at a dose of 5 × 106 TCID50. Lor. or Eba. was administered daily until the mice 240 

were euthanized at 5 dpi. In SARS-CoV-2 infection group, MCs were accumulated in the peri-trachea. (Fig. 241 

5A), and H.E. staining showed obvious papillary hyperplasia, epithelial cell hypertrophy and inflammatory cell 242 

infiltration in the trachea (Fig. 5B). The administration of Lor. and Eba. reduced MC accumulation and 243 

degranulation (Fig. 5C, 5E and 5G), and significantly reduced trachea lesions (Fig. 5D, 5F and 5H; 244 

Supplementary Fig. S1B–1D). Taken together, these results demonstrate that the treatment with Lor. and Eba. 245 

can reduce SARS-CoV-2-induced respiratory tract injury in mice.  246 

 247 

4. Discussion 248 

The mechanisms for SARS-CoV-2 induced hyper-inflammation remain to be elucidated, in which multiple 249 

cell types and cellular signaling pathways may be involved. The infected epithelial cells initiate a robust IFN 250 

response and release of inflammatory cytokines including IL-6 and IL-1β, which recruit and activate 251 

granulocytes, dendritic cells, and macrophages (Knoll et al., 2021; Luo et al., 2021; Ramasamy and Subbian, 252 

2021; Zhang et al., 2021). SARS-CoV-2 stimulates monocytes from peripheral blood to elicit inflammatory 253 

responses through TNF-α, IL-1β and IL-6 (Codo et al., 2020; Boumaza et al., 2021). SARS-CoV-2 infection 254 

leads to cell death and systemic inflammation (Li et al., 2020; Zheng et al., 2021; Junqueira et al., 2022). 255 

Furthermore, the accumulation and excessive activation of macrophages in the lungs also contribute to local 256 

inflammation (Lee et al., 2021; Munnur et al., 2021).  257 

By using the mouse and nonhuman primate infection models, we and others have demonstrated that rapid 258 

degranulation of lung mast cells induced by SARS-CoV-2 led to the production of inflammatory factors and 259 

subsequent lung injury (Wu et al., 2021; Wu et al., 2022; Tan et al., 2023). Activation of lung MCs is 260 

significantly associated with disease severity in humans (Tan et al., 2023). Considering the widespread presence 261 

of MCs throughout the host-environment interface, we speculate that SARS-CoV-2-induced MC degranulation 262 

represents a common mechanism for inducing hyper-inflammation. In this study, using cell and mouse models, 263 

we demonstrate that SARS-CoV-2-induced MC degranulation is a key intermediate step in the development of 264 

respiratory tract inflammation and subsequent lesions.  265 

The large airways are preferred sites for viral transmission and replication (Hou et al., 2020a; Hou et al., 266 

2020b). Infected ciliated cells in the trachea can be shed and serve as vehicles for viral spread (Zhu et al., 2020; 267 

Morrison et al., 2022). We observed that SARS-CoV-2 infection induced papillary hyperplasia in the tracheal 268 

mucosa of mice. The protruding papillary hyperplasia is likely to be a cell mass carrying multiple virus particles 269 

and easy to fall off. MC degranulation disrupts cell adhesion in respiratory tract epithelial cells, which may 270 

drive cell shedding and viral spread. Conversely, the administration of ebastine or loratadine can significantly 271 

reduce the production of inflammatory factors, prevent the disruption of cell adhesion (Wu et al., 2021; Wu et 272 

al., 2022), and minimize the formation of papillary hyperplasia in the trachea. Therefore, ebastine or loratadine 273 

may provide a clue for interference.  274 
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Upon activation by allergens or pathogens, MCs can rapidly release multiple mediators, such as histamine, 275 

tryptase, chymase, leukotrienes, cytokines, and chemokines, to regulate immune responses (Abraham and St 276 

John, 2010; Carroll-Portillo et al., 2012; Marshall et al., 2019). We have detected an abundant release of 277 

histamine, chymase and tryptase in SARS-CoV-2 (or spike/RBD)-treated LAD2 MC cells (Wu et al., 2021; Wu 278 

et al., 2022). In this study, we profiled the induction of inflammatory factors by MC released components. 279 

Meantime, compared to the stimulation with LAD2-degranulated supernatants, the stimulation with any 280 

component alone did not reach the same level, suggesting a potential synergy among various components during 281 

the induction of inflammatory factors. Additionally, these mediators may have multiple effects. For example, 282 

under inflammatory or pathological conditions, chymase can amplify local angiotensin-2 concentrations to 283 

cause leukocyte aggregation (Imai et al., 2005; Company et al., 2011).  284 

 285 

5. Conclusion 286 

In this study, we demonstrate that SARS-CoV-2 triggers MC activation and induces respiratory tract 287 

epithelial inflammation. The ebastine and loratadine should be evaluated for its potential clinical use for 288 

protecting tissue damage caused by hyper-inflammation.  289 
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Figure legends 549 

 550 

Fig. 1 SARS-CoV-2 induces MC degranulation and trachea lesions in hACE2-humanized mice. The mice of 551 

C57BL/6N-ACE2em2(hACE2-WPRE, pgk-puro)/CCLA were intratracheally inoculated with SARS-CoV-2 (strain 107) at a 552 

dose of 5 × 106 TCID50.  At day 5 post-infection, mice were anaesthetized and the trachea tissue were harvested 553 

for histological analysis. Toluidine blue (T. blue) staining was used to observe MCs and degranulation (A, C, 554 

E). Hematoxylin and Eosin (H.E.) staining was used to observe trachea injury (B, D). The PBS was used as the 555 

mock infection (A, B). (F–G) The counts of MC and papillary hyperplasia in trachea section were summarized. 556 

Scale bar: 100 or 20 μm. The number (n) of mouse used in tests was noted.  557 

 558 

Fig. 2 Transcriptome analysis of BEAS-2B cells. BEAS-2B cells were treated with the culture supernatants (the 559 

sample “S”) from SARS-CoV-2 spike/RBD protein-triggered LAD2 degranulation cells, or with the LAD2 cell 560 

normal culture supernatants (the sample “M”), for 12 h. BEAS-2B cells were collected and the transcriptome 561 

analysis was performed. The data summarized four independent experimental repeats. A Volcano plot of DEGs 562 

comparing “S” versus “M” samples. The symbols of top 10 up-regulated and down-regulated genes are shown. 563 

B GO functional enrichment analysis of DEGs. Color bar indicates minus logarithm of q values, and bubble 564 

size indicates absolute gene counts enriched in GO terms. C GSEA of distribution of gene sets related to 565 

inflammatory response, negative regulation of cell growth, viral life cycle and the enrichment scores based on 566 

DEGs. D Transcription-factor enrichment analysis of DEGs. The color bar indicates the minus logarithm of q 567 

values, and bubble size indicates the gene enrichment ratio regulated by a transcription factor. (E–H) Heatmaps 568 

showing relative expression level (left panel), fold-change (middle panel), and adjusted P-values (right panel) 569 

for sets of cytokine/chemokine-related genes (E), negative regulation of growth genes (F), cell adhesion (G), 570 

viral life cycle (H).  571 

 572 

Fig.3 Blocking MC degranulation reduces the capacity to induce inflammatory factors in BEAS-2B cells.  573 

BEAS-2B cells were treated with either LAD2/RBD co-culture supernatants (LAD2/RBD-supern.), LAD2 cell 574 

culture supernatants (LAD2-supern.), or medium for 12h (A); or LAD2 cells were prior-treated with loratadine 575 

(Lor., 5 μg/mL) or ebastine (Eba., 3 μg/mL) for 20 h, and then cells were treated with SARS-CoV-2 spike/RBD 576 

(5 μg/mL) for 2 h, and the culture supernatants were harvested to treat BEAS-2B cells for additional 12 h (B). 577 

The direct treatments of BEAS-2B cells with spike/RBD (5 μg/mL) or medium were also performed. The mRNA 578 

levels of inflammatory factors were detected with real time qRT-PCR, and normalized to gapdh mRNA. One 579 

representative data from 3 independent repeats are shown, data are mean± standard deviation (SD). **P ＜ 580 

0.01, *** P  < 0.001, and *** P < 0.0001 are considered significant differences in a Student's unpaired t-test.   581 

 582 

Fig.4 MC released mediators-induced expression of inflammatory factors. BEAS-2B cells (2×105) were 583 

stimulated with tryptase, chymase or histamine (5 μg/mL for each) for 12 h, and the cells were collected to 584 
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detect the mRNA levels of cytokines and chemokines. One representative data from 3 independent repeats are 585 

shown, data are mean ± SD. ** P＜0.01, *** P < 0.001, and **** P < 0.0001 are considered significant 586 

differences in a Student's unpaired t-test. 587 

 588 

Fig. 5 The prior-treatment with loratadine and ebastine reduces SARS-CoV-2-mediated tracheal injury in mice. 589 

The mice of C57BL/6N-ACE2em2(hACE2-WPRE, pgk-puro)/CCLA were infected intranasally with SARS-CoV-2 (strain 590 

107) at a dose of 5×106 TCID50 (A–F). The loratadine (Lor., 10 mg/kg) (C, D) or ebastine (Eba., 5 mg/kg) (E, 591 

F) was administered one day before infection, and the treatments were continued daily throughout the infection 592 

(five mice for each treatment groups). Mice were euthanized and trachea were harvested for pathological 593 

analysis at 5 dpi. Toluidine blue (T. blue) staining (A, C, E) to observe MC degranulation, and Hematoxylin 594 

and Eosin (H.E.) staining (B, D, F) to observe the trachea injury. G, H MC and papillary hyperplasia counts in 595 

trachea sections were summarized. Scale bar: 100 μm. Data were presented as the summary from 5 mice in each 596 

group. * P < 0.05 and ** P < 0.01 are considered significant differences in a Student's unpaired t-test. 597 

 598 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of


