

[image: Lipopolysaccharide-Activated Bone Marrow-Derived Dendritic Cells Suppress Allergic Airway Inflammation by Ameliorating the Immune Microenvironment]
Lipopolysaccharide-Activated Bone Marrow-Derived Dendritic Cells Suppress Allergic Airway Inflammation by Ameliorating the Immune Microenvironment





ORIGINAL RESEARCH

published: 19 May 2021

doi: 10.3389/fimmu.2021.595369

[image: image2]


Lipopolysaccharide-Activated Bone Marrow-Derived Dendritic Cells Suppress Allergic Airway Inflammation by Ameliorating the Immune Microenvironment


Zhihui Min 1†, Yuzhen Zeng 2†, Tao Zhu 3†, Bo Cui 2, Ruolin Mao 2, Meiling Jin 2* and Zhihong Chen 2*


1 Research Center of Zhongshan Hospital, Fudan University, Shanghai, China, 2 Department of Pulmonary and Critical Care Medicine, Shanghai Institute of Respiratory Disease, Zhongshan Hospital, Fudan University, Shanghai, China, 3 Department of Respiratory Medicine, Second Affiliated Hospital of Chongqing Medical University, Chongqing, China




Edited by: 
Momtchilo Russo, University of São Paulo, Brazil

Reviewed by: 
Remo Castro Russo, Federal University of Minas Gerais, Brazil

Vania Luiza Deperon Bonato, University of São Paulo, Brazil

*Correspondence: 
Zhihong Chen
 czh60@hotmail.com
 Meiling Jin
 jin.meiling@zs-hospital.sh.cn



†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology








Received: 16 August 2020

Accepted: 27 April 2021

Published: 19 May 2021

Citation:
Min Z, Zeng Y, Zhu T, Cui B, Mao R, Jin M and Chen Z (2021) Lipopolysaccharide-Activated Bone Marrow-Derived Dendritic Cells Suppress Allergic Airway Inflammation by Ameliorating the Immune Microenvironment. Front. Immunol. 12:595369. doi: 10.3389/fimmu.2021.595369




Background

Previous studies have shown that lipopolysaccharide (LPS)-activated bone marrow-derived dendritic cells (DClps) might induce tolerance in autoimmune and cancer models in vivo, whereas it remains unclear whether DClps could play a role in allergic disease model. Herein, we aimed to elucidate the potential effects of DClps on OVA-sensitized/challenged airway inflammation in a mouse model, which may help facilitate the application of specific tolerogenic dendritic cells (tolDC) in allergic asthma in the future.



Methods

The phenotype and function of immature DC (DCia), DClps or IL-10-activated-DC (DC10) were determined. OVA-sensitized/challenged mice were treated with OVA-pulsed DCia or DClps or DC10. We assessed the changes of histopathology, serum total IgE level, pulmonary signal transducers and activators of transcription (STAT), pulmonary regulatory T cells (Tregs), and airway recall responses to OVA rechallenge, including proliferation and cytokine secretory function of pulmonary memory CD4+ T cells in the treated mice.



Results

DClps exhibited low levels of CD80 and MHCII and increased levels of anti-inflammatory cytokines such as IL-10 and TGF-β. Additionally, DClps treatment dramatically diminished infiltration of inflammatory cells, eosinophilia, serum IgE and STAT6 phosphorylation level, increased the number of pulmonary Tregs. In addition, DClps treatment decreased the proliferation of pulmonary memory CD4+ T cells, which further rendered the downregulation of Th2 cytokines in vitro.



Conclusion

LPS stimulation may lead to a tolerogenic phenotype on DC, and thereby alleviated the Th2 immune response of asthmatic mice, possibly by secreting anti-inflammatory cytokines, inhibiting pulmonary memory CD4+ T cells, downregulating pulmonary STAT6 phosphorylation level and increasing pulmonary Tregs.
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Introduction

Dendritic cells (DCs) are critically involved in the modulation of Th1 and Th2 immune responses, and induction of Tregs to mediate tolerance (1). Physiologically, immature DCs (DCia) are distributed in peripheral tissues, while mature DCs with higher expression level of MHCII, CD80 and CD86 can elicit adaptive immune responses (2). Nevertheless, DCs may present distinct phenotypic and functional characteristics according to the stimulus that they received. Ample evidence has demonstrated that DCs differentiated under certain conditions are capable of establishing immune tolerance in multiple disease models (3–5). These specific tolDCs are distinguished by the decreased expression of MHCII, CD80 and CD86 and proinflammatory cytokines IL-12 along with enhancement of anti-inflammatory cytokines IL-10 and TGF-β, thus leading to T cell anergy and Treg activation (6).

A large number of in vitro protocols have been established to generate tolDCs that exert prophylactic impacts on Th1-mediated immunopathogenesis, whereas how Th2-mediated allergic reactions are modulated remains obscure (7, 8). IL-10, an anti-inflammatory and immunoregulatory cytokine, was confirmed to be a more potent inducer of tolDCs than vitamin D (3), dexamethasone, TGF-β and rapamycin (9, 10). IL-10-induced DCs with low expression of MHCII and costimulatory molecules but high secretion of IL-10 can lead to Tregs activation (11). Furthermore, it has been reported that IL-210-activated DCs can abrogate experimental asthma (12), while several studies have recently demonstrated that LPS, which is most frequently used to stimulate DCs maturation in vitro to initiate immune responses, can also render DCs to exert immunosuppressive effects by producing sufficient IL-10 (13, 14). For example, it was found that LPS pretreatment modified the phenotype of DCs, thus blocking experimental autoimmune encephalomyelitis (EAE) development by suppressing effector CD4+ T cells (13). Additionally, it is proved that although LPS-activated DC maturation may lead to DCs apoptosis, DCia can immediately take up apoptotic DCs and then convert into tolDCs that induce augmented TGF-β secretion and Foxp3+ Treg differentiation (15). Taken together, these findings suggest that LPS might play different roles in modulating the phenotypes and functions of DCs under various conditions. As asthma is characterized with complex immune microenvironment, whether LPS confers tolerogenic capabilities in DCs and the potential intervention effects on allergic airway inflammation warrant further investigation.

Herein, the study critically aims to evaluate the impact of the intraperitoneal adoptive transfer of DClps on airway inflammation and pulmonary memory CD4+ T cells, Tregs, and STAT expression in asthmatic models.



Materials and Methods


Mice

Six‐week‐old female C57BL/6 mice were obtained from Silaike Experimental Animal Limited Liability Company (Shanghai, China). All animals were treated in accordance with the National Institutes of Health Guidelines and Regulations.



Isolation and Characterization of BMDCs

BMDCs were generated as noted (12, 16). Briefly, BM cells were seeded in RPMI-1640 supplemented with 1% antibiotics/antimycotics and 10% heat-inactivated fetal calf serum (FCS) containing 20 ng/ml GM-CSF. A fresh complete medium change was performed on days 3 and 6. On day 8, nonadherent DCs were collected and resuspended in complete medium supplemented with PBS (to generate DCia) or 50 ng/ml IL-10 or 10 ng/ml LPS (to generate DC10, DClps) for 24 h. On day 9, cells were pulsed for 2 h at 37°C with 1 μM OVA (Sigma-Aldrich, Grade V; St. Louis, MO, USA) and then the cells were harvested (Supplementary Figure 1A). Cells were determined by flow cytometry using APC-Cy7-CD11c, APC-CD80, PE-CD86 and FITC-MHCII specific antibodies (eBioscience, Inc., San Diego, CA, USA) and were subsequently analyzed (FCM Canto II; BD Biosciences, San Jose, CA, USA). All data were analyzed with Flow Jo software.



Establishment of OVA-Induced Asthmatic Mice and the Adoptive Transfer of DCs

To establish an asthma phenotype, 6-week-old female C57BL/6 mice were intraperitoneally sensitized with PBS containing 100 µg OVA in 2 mg alum or PBS/alum as a control on days 0 and 7. Animals were then intranasally challenged with 100 μg OVA or PBS as a control under anesthetic on days 14–18. For the treatment models, 1 × 106 cells (DCia, DC10 or DClps prepared as described above) were intraperitoneally transferred on days 14–16.

At 24 h after the last challenge, mice were anesthetized, and bronchoalveolar lavage (BAL) was performed with cold PBS. Subsequently, lungs were obtained for histology and fixed with 4% paraformaldehyde in PBS. BAL fluid (BALF) was centrifuged (1,200 rpm for 10 min, at 4°C), and cells were obtained to assess the total cell number and differential cell counts. Cells sedimented by centrifugation were dissolved with ACK Lysis Buffer, and then the total cells in BALF were counted. Wright–Giemsa stain was used for the differential cell count in BALF. Each sample was counted for three times.



Sorting of Pulmonary Memory CD4+ T Cells From OVA-Induced Asthmatic Mice

Another asthma model was established in mice to separate pulmonary memory CD4+ T cells. The OVA sensitization and challenge protocol was similar to the previous protocol. DCia, DC10 or DClps were transferred to OVA-sensitized mice for 3 consecutive days (days 14–16), respectively. However, the mice were not sacrificed on day 19, but re-challenged with OVA for 5 consecutive days (days 35–39) and sacrificed on day 40 for the separation of pulmonary memory T cells. Lung mononuclear cell suspensions were generated, and then determined as memory T cells labeling with CD4 and CD44 by FCM (Supplementary Figure 2). Finally, CD4+CD44+ T cells were sorted by fluorescence-activated cell sorting (FACS). Effector memory CD4+ T cells (TEM) and central memory CD4+ T cells (TCM) were determined by evaluating the expression of CD4, CD44, CD62L and CCR7, and then the two cell subpopulation labeled with CD4, CD44, CD62 and CCR7 specific antibodies were sorted by FACS. All data were analyzed with Flow Jo software.



Mixed Lymphocyte Reaction (MLR) of Pulmonary Memory CD4+ T Cells and BMDCs

Pulmonary memory CD4+CD44+ T cells, TCM or TEM cells and BMDCs were obtained as described above. BMDCs were pretreated with culture medium containing 200 μg/ml mitomycin C for 20 min at 37°C (Kyowa Hakko Kogyo, Tokyo, Japan). Pulmonary memory CD4+CD44+ T cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen Ltd., UK) prior to culture to evaluate T cell proliferation. Mitomycin C-treated BMDCs (l × 105/well) and memory CD4+CD44+ T cells (4 × l05/well) were cocultured in 96-well plates with 50 ug/ml OVA at a ratio of 1:4 at 37°C, 5% CO2 atmosphere for 1, 3 or 5 days, respectively. The co-culture systems were divided into five groups: the control group, the OVA group, the OVA + DCia group, the OVA + DC10 group and the OVA + DClps group. After MLR assay, the proliferation activity of memory CD4+CD44+ T cells was evaluated by FCM on days 1, 3, and 5, respectively. TCM or TEM cells were co-cultured with BMDCs to perform MLR assay, respectively. On day 5, cells in the co-culture systems were stimulated with phorbol myristate acetate (PMA; 100 ng/ml, Sigma) and Inomycin (5 µmol/L, Sigma) overnight, and then cell supernatants were collected. IL-4 and IFN-γ level in the cell supernatants was determined by ELISA.



Pulmonary Tregs of OVA-Induced Asthmatic Mice

As noted, lung tissues of asthmatic mice were immediately collected on day 19 to determine pulmonary Tregs. Single-cell suspensions of lung parenchymal cells were generated by the enzymatic digestion of tissues, and Tregs were characterized as CD4+CD25+Foxp3+ cells by FCM. A total of 1 × 106 cells were washed and stained with FITC-conjugated anti-CD4, PE-conjugated anti-CD25 and APC-conjugated anti-Foxp3 (eBioscience) antidodies, and subsequently analyzed by FCM (Supplementary Figure 3). All data were analyzed with Flow Jo software.



Tracking BMDC in the Lung

We labeled transferred DC with PKH26 fluorescent dye (Sigma‐Aldrich) according to the instructions. Briefly, we used 1 ml dilution buffer to suspend 2 × 106 DC and then mixed the cell suspension with the same amount of labeling solution containing 4 × 10−6 M PKH26 dye in dilution buffer. After 4 min of incubation at room temperature, we added 2 ml fetal bovine serum (FBS) to terminate the reaction and washed the cells with a control buffer. Finally, 5 × 106 DC labeled with PKH26 dye was mixed in 1 ml PLA‐CMC solution for the subsequent adoptive transfer. PKH26-labeled DC were intraperitoneally injected into asthmatic mice (1 × 106 cells/mouse), as described above. After 1, 3 and 7 days, mice were sacrificed respectively, and lung tissues from each animal were removed. DCs labeling with PKH26 were determined by separating lung mononuclear cells, and then cells were stained with MHCII antibodies to eliminate the interference of other cell types. The transferred DCs in the lung were assessed via the expression of MHCII and PKH26 as determined by FCM. All data were analyzed with Flow Jo software.



Histopathologic Analysis of the Lung

The left lung was removed from each mouse and infused with 4% paraformaldehyde after BAL, embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin (H&E) according to standard procedures for evaluating histopathological changes in bronchial and lung tissues. Masson stain of the lung was also performed to observed collagen fibers (Supplementary Figure 4). Right lung specimens were collected and frozen at −80°C for protein analysis by Western blotting (WB).

Peribronchial and perivascular inflammation were estimated with a subjective scale of 0–3 based on a scoring system: a score of 0 indicated that there was no detectable inflammation; 1 indicated that most bronchi or vessels were surrounded by a thin layer (one to five cells thick) of inflammatory cells; 2 indicated that most bronchi were surrounded by a thin layer (one to five cells) of inflammatory cells; 3 indicated that most bronchi or vessels were surrounded by a thick layer (>5 cells) of inflammatory cells (17). The average peribronchial and perivascular inflammation scores reflected the total lung inflammation of treated animals. The score is presented as a mean value of each animal.



Cytokine Releasing Capacity of BMDC

BMDC (DCia, DC10, and DClps) were harvested after 9 days of culture, as described above. Cells from each culture were pulsed for 2 h at 37 °C with 1 μM OVA. The cell culture supernatant was collected and stored at −80°C for subsequent cytokine detection of IL-10, TGF-β, MCP-3, IL-12 and IFN-γ by ELISA (R&D Systems).



WB Analysis

Expression levels of STAT1, 4, and 6 and their phosphorylated protein levels in lung digests were assessed by WB. Total protein from mouse right lung tissue was extracted by using RIPA Protein Extracted Reagent (Thermo). 40 μg lysate samples were fractionated by 10% sodium dodecyl sulfate (SDS)-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Roche, USA). After incubation with blocking buffer containing 5% skim milk in TBST (12.5 mM Tris–HCl pH 7.5, 68.5 mM NaCl, 0.1% Tween 20) for 1 h, the membrane was then incubated with primary antibodies overnight, including rabbit anti-STAT1, and rabbit anti-phosphorylated STAT1, rabbit anti-STAT4, rabbit anti-phosphorylated STAT4, rabbit anti-STAT6, rabbit anti-phosphorylated STAT6 antibodies. The anti-mouse GAPDH antibody was used as a loading control. The membrane was washed with TBST and incubated with horseradish-peroxidase-conjugated secondary antibody (Jackson ImmunoResearch) and then developed with and electrochemiluminescence (ECL) substrate solution (Millipore). The membrane was incubated with rabbit anti-murine GAPDH for assessment of internal protein loading control after incubation with stripping buffer for 15 min at 25°C. The density of each band was quantified using image analysis software (ImageJ).



Statistical Analysis

All data are representative of at least three independent experiments. Each error bar represents the standard deviation (SD). Multigroup comparisons were assessed by either one-way ANOVA with Tukey’s post hoc test or by Wilcoxon signed rank tests (FCM analyses) with a commercial software program (GraphPad Prism 8.0, San Diego, CA). P <0.05 was considered statistically significant.




Results


Secretory Capacity and Costimulatory Molecule Expression of DCs

BMDC labeled with APC-Cy7-CD11c, APC-CD80, PE-CD86, and FITC-MHCII specific antibodies were determined by flow cytometry (FCM). As shown in the results, BM cells were triple negative for CD11c, CD80, CD86 and MHCII, while BMDC were triple positive for those markers (Supplementary Figure 1B). Compared with DCia, the proportion of CD11c+MHCII+ cells and CD11c+MHCII+CD80+CD86+ cells and in DC10 and DClps was lower (Figures 1A, B), the same results were shown in MFI of MHCII, CD80, CD86 (Figure 1C).




Figure 1 | Secretory capacity and costimulatory molecule expression of DCs. (A) The percentage of CD11c+MHCII+ cells, and CD80+CD86+ expression on CD11c+MHCII+ cells determined by FCM. (B) Percentage of CD11c+MHCII+ and CD11c+MHCII+CD80+CD86+ cells determined by FCM. (C) MFI of MHCII, CD80 and CD86 determined by FCM. (D) The levels of IL-10, TGF-β, MCP-3, IL-12 and IFN-γ secreted by DCia, DC10 and DClps were determined by ELISA. The columns and error bars represent the mean and standard error of the mean (SEM). (*P < 0.05, **P < 0.01, ns, no significant difference, ANOVA with Tukey’s post hoc analysis). Data are representative of 3 independent experiments with similar results (n=5 in each group).



In addition, the secretion of certain inflammatory cytokines (IL-10, TGF-β, IL-12 and IFN-γ) is considered essential for characterizing the tolerogenic potential of BMDC. BMDC expressed CCR1, CCR2, and CCR3, all of which bind MCP-3 (18). Thus, we collected BMDC supernatant and examined IL-10, TGF-β, MCP-3, IL-12 and IFN-γ. Both DC10 and DClps secreted high level of IL-10 and TGF-β but low level of IL-12 (Figure 1D). DCia secreted lower level of IL-10 and TGF-β but higer level of IL-12 (Figure 1D). No distinct differences were found in the secretion of MCP-3 or IFN-γ among cells (Figure 1D).



Adoptive Transfer of DClps Alleviated Airway Inflammation in OVA-Induced Asthmatic Mice

We used OVA sensitization/challenge to establish an asthma mouse model (Figure 2A). In this experiment, BMDC were generated in vitro and used to treat asthmatic mice, as noted. After OVA stimulation, we found that the lung tissue of asthmatic mice exhibited typical inflammatory changes, which were characterized by airway wall thickening, and inflammatory cell infiltration (Figure 2B). Additionally, the OVA group showed a remarkable increase of eosinophils in BALF (Figure 2D). DClps treatment markedly improved the lung inflammation (Figure 2B), as well as dramatically diminished total inflammatory cells and eosinophils in BALF (Figures 2C, D). The analysis of differential cells in BALF suggesting that adoptive transfer of DClps may be involved in attenuating lung eosinophilic inflammation in asthmatic mice.




Figure 2 | Adoptive transfer of DClps alleviated airway inflammation in OVA-induced asthmatic mice. (A) An asthma model was induced in C57BL/6 mice by OVA-sensitization/challenge. DCia, DC10 or DClps were transperitoneally transferred to OVA-sensitized mice. (B) Representative H&E stain of lung (100×) and lung pathologic score. (C, D) Total and differential cell in BALF. The columns and error bars represent the mean and SEM. (**P < 0.01, ns, no significant difference, compared with the OVA group, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 5 in each group).





Adoptive Transfer of DClps Effectively Migrated to the Lung of OVA-Induced Asthmatic Mice

The function of DCs is intimately associated with their capacity to migrate to target organs (19). It was previously demonstrated that the onset of tolerance in DC10-treated asthmatic mice is progressive; thus, airway hyperresponsiveness (AHR) in mice is mildly attenuated at 2 weeks after transfer and vanishes entirely within 3 weeks (20). To examine when and whether the injected DClps could successfully migrate to the lungs, we established a mouse model of asthma and treated asthma model mice with DCia, DClps or DC10. We used the fluorescent dye PKH26 as a marker for trafficking the transferred DCs in vivo in treated mice, and mice were sacrificed on days 1, 3, and 7 (Figure 3). One day after transfer, PKH26+MHCII+ DC in DClps group appeared in the lungs with a modest number. Nevertheless, the number of PKH26+MHCII+ DC in DClps group was higher than that in DCia group (p <0.01). On day 3, the number of PKH26+MHCII+ DC peaked in the lungs, among which DClps group increased the most markedly (p <0.01). However, on day 7, the number of PKH26+MHCII+ DC strikingly decreased in DClps group and no detectable difference was found among the groups (p >0.05). These data indicate that DClps migrated to the lungs more effectively and gradually accumulated in the lungs within 1 week. Moreover, the decreased of DClps in the lungs was consistent with the alleviation of lung inflammation in asthmatic mice, which further confirmed that DClps may effectively migrate to the lungs and take effect within 1 week.




Figure 3 | Adoptive transfer of DClps effectively migrated to the lung of OVA-induced asthmatic mice. (A) The transferred DCs were stain with PKH26 fluorescent dye. Representative FCM dot plots of PKH26+MHCII+ DC on days 1, 3 and 7 are shown. (B) Numbers of PKH26+MHCII+ DC in the total lung mononuclear cells. The columns and error bars represent the mean and SEM. (**P < 0.01, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 3 in each group).





Adoptive Transfer of DClps Reduced the Number of Pulmonary Memory CD4+ T Cells

It is widely believed that Th1/Th2 ratio imbalances may lead to the pathogenesis of allergic asthma, in which memory T cells play a crucial role in the capacity of initiating Th2 response under repeated allergen challenges (21, 22). Memory T cells can be divided into two distinct subsets, central memory T cells (TCM) and effector memory T cells (TEM), according to their homing characteristics and effector functions (23, 24). In order to assess whether DClps could suppress Th2 immune recall response in airways of treated mice, we sought to examine the number and function of memory CD4+ T cells in lung tissues. We thus established asthma model mice and treated these mice with DClps, DC10 or DCia, as described above; however, instead of sacrificing the mice on day 19, we rechallenged the animals with OVA from days 35–39 (Figure 4A).




Figure 4 | Adoptive transfer of DClps reduced the number of pulmonary memory CD4+ T cells. (A) Schematic of the OVA-induced asthmatic mouse model. The general experimental design is described in the main text. (B) Analysis of pulmonary memory CD4+CD44+ T cells by FCM. Central memory CD4+ T cells (TCM) were determined as memory CD4+CD44+CD62+CCR7+ T cells. Effector memory CD4+ T cells (TEM) were determined as memory CD4+CD44+CD62L−CCR7− T cells. (C) Cell numbers of memory CD4+CD44+ T cells sorted by FCM in each group. (D, E) Cell numbers of TCM and TEM sorted by FCM in each group. The columns and error bars represent the mean and SEM. (*P < 0.05, **P < 0.01, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 5 in each group).



On day 40, mice were sacrificed and lungs were removed to obtain lung mononuclear cells. Pulmonary memory CD4+CD44+ T cells were determined and sorted by FCM as mentioned above. We confirmed that both DC10 and DClps observably decreased pulmonary memory CD4+CD44+ T cells, whereas the difference in DCia group was negligible compared to OVA group (Figures 4B, C). On the other hand, pulmonary memory CD4+CD44+ T cells determined and sorted into two cell subpopulation: TCM (CD4+CD44+CD62L+CCR7+) and TEM (CD4+CD44+CD62L-CCR7-) by fluorescence-activated cell sorting (Figure 4B). Surprisingly, we saw no discernible difference in TCM or TEM cell numbers among mice treated with DClps, DC10 or DCia (Figures 4B, D, E).



Adoptive Transfer of DClps Inhibited Pulmonary Memory CD4+ T Cell Proliferation

To gain insight into this phenomenon, we assessed whether adoptive transfer of DClps affected the proliferation of pulmonary memory CD4+ T cells with an MLR assay. The proliferation activity of sorted pulmonary memory CD4+ CD44+ T cells was determined by CFSE method. Consistent with the above results, it was readily apparent the proliferation activity of pulmonary memory CD4+ T cells in the DC10 and DClps group was obviously suppressed, compared with the DCia and OVA group, especially on days 3 and 5 (Figure 5).




Figure 5 | Adoptive transfer of DClps inhibited pulmonary memory CD4+ T cell proliferation. Pulmonary memory CD4+CD44+ T cells were sorted by FCM and then stained by CFSE. After MLR, the proliferation activity of memory CD4+CD44+ T cells was determined by FCM. The columns and error bars represent the mean and SEM. (**P < 0.01, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 5 in each group).





Adoptive Transfer of DClps Changed the Cytkoine Releasing Ability of Pulmonary Memory CD4+ T Cell

Meanwhile, we collected the cell supernatant from the coculture system to assess IL-4 and IFN-γ secretion by memory CD4+ T cells. We found that compared with cells in the OVA group, both TEM and TCM cells exhibited a notable decline in the secretion of IL-4 in the DClps and DC10 groups (Figure 6A), whereas no treatment effect was detectable in the DCia group (Figure 6A). Interestingly, in the DClps and DC10 groups, the level of IFN-γ dramatically reduced in only TEM cells but not in TCM cells (Figure 6B). Taken together, these data indicate that the adoptive transfer of DClps may inhibit the allergen recall response by suppressing memory CD4+ T cells. Moreover, the reduction in memory CD4+ T cells may well reduce the conversion of Th2 cells, which further results in the downregulation of Th2 cytokines and improves the Th1/Th2 imbalance in the immune response.




Figure 6 | Adoptive transfer of DClps changed the cytokine releasing ability of pulmonary memory CD4+ T cell. (A) IL-4 released from pulmonary TCM and TEM determined by ELISA. (B) IFN-γ released from pulmonary TCM and TEM determined by ELISA. The columns and error bars represent the mean and SEM. (**P < 0.01, ns, no significant difference, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 5 in each group).





Adoptive Transfer of DClps Increased the Number of Pulmonary Tregs in OVA-Induced Asthmatic Mice

Recent studies have demonstrated that DC10 treatment is associated with the conversion of Th2 effector T (Teff) cells into CD4+CD25+Foxp3+ Tregs in the lungs of treated mice, and these Tregs are probably involved in inflammation regulation (25). Hence, we sought to examine whether DClps treatment increased the number of pulmonary Tregs in our asthma models. Lung mononuclear cells of asthmatic mice were obtained on day 19 and the expression of CD4, CD25, and Foxp3 were evaluated by FCM (Figure 7A, B). In line with previous studies that LPS-treated BMDCs cause immune tolerance through modulating CD4+ Tregs (26), both DClps and DC10 treatment increased the number of pulmonary CD4+CD25+Foxp3+ Tregs in the treated mice. However, we saw negligible differences in the number of Tregs between OVA group and DCia group (Figures 7C, D). Hence, our results suggest that adoptive transfer of DClps may alleviate airway inflammation by increasing the number of pulmonary Tregs in OVA-induced asthmatic mice.




Figure 7 | Adoptive transfer of DClps increased the number of pulmonary Tregs in OVA-induced asthmatic mice. (A) Schematic of the OVA-induced asthmatic mouse model. (B) Pulmonary Tregs were characterized as CD4+CD25+Foxp3+ cells by FCM. (C) Percentage of pulmonary Tregs determined by FCM. (D) Numbers of pulmonary Tregs determined by FCM. The columns and error bars represent the mean and SEM. (**P < 0.01, ns, no significant difference, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 5 in each group).





Adoptive Transfer of DClps Decreased the Phosphorylation Level of STAT6 in OVA-Induced Asthmatic Mice

Having shown that DClps treatment might be associated with the alleviation of airway inflammation in treated mice, we explored the potential mechanisms for this phenomenon. The STAT1 and STAT4 pathways are considered vital for Th1 differentiation, while the IL-4/IL-13/STAT-6 pathway has been confirmed to be the major modulator of Th2 differentiation in asthma pathophysiology (27, 28). To verify whether DClps modulate the airway inflammation of asthmatic mice by affecting the STATs pathways, we measured the total protein level and phosphorylation levels of STAT1, STAT4, and STAT6 in lung homogenates by WB analysis. We found that in asthmatic mice treated with DClps and DC10, the phosphorylation level of STAT6 protein was remarkably decreased, whereas the phosphorylation level of STAT1 and STAT4 protein merely showed a moderate downward trend that was not statistically significant (Figures 8A, B). We also noted that there were no recognizable changes observed in DCia-treated mice. On the basis of the above findings, we concluded that STAT6 signaling may be involved in the regulation of airway inflammation in asthmatic mice treated with DClps (Figure 8).




Figure 8 | Adoptive transfer of DClps decreased the phosphorylation level of STAT6 in OVA-induced asthmatic mice. (A) Expression and phosphorylation of STAT determined by WB. (B) Quantification of STAT expression and phosphorylation, normalized to GAPDH, shown as relative expression. The columns and error bars represent the mean and SEM. (*P < 0.05, ns, no significant difference, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated three times with similar results (n = 5 in each group).






Discussion

In this study, we generated diverse DCs from the bone marrow of wild-type mice that stimulated with LPS or IL-10, and delivered these cells to OVA-sensitized/challenged mice. The impact of DCia, DC10 or DClps on lung allergic inflammation, pulmonary memory CD4+ T cells and pulmonary Tregs was determined. Apart from the downregulation of costimulatory molecules and proinflammatory cytokines, the upregulation of IL-10 and TGF-β secreted from specific DC can facilitate tolerance (8). Our results show that DClps were phenotypically similar to previously reported tolDC (29, 30), which exhibited signally reduced levels of MHCII, CD80, CD86 and IL-12, and enhanced levels of inhibitory cytokines (IL-10 and TGF-β) compared to DCia. Our observations further confirm that DC expressing low levels of costimulatory molecules and high levels of anti-inflammatory cytokines might take on a decided tolerance advantage.

In vivo studies showed intravenous transfer of DC10 reportedly markedly impeded airway allergic inflammation in murine models of OVA-induced asthma (31, 32). Moreover, the intravenous delivery of LPS-induced tolDC notably prohibited EAE development in a mouse model (26), and Zheng et al. proved that LPS-activated plasmacytoid DC effectively alleviated experimental chronic kidney disease (33). Intriguingly, there is conflicting evidence the intranasal administration of DClps producing high levels of IL-10 enhanced airway inflammation (34), and the intravenous infusion of DC10 failed to reverse the asthma phenotype in sensitized mice (35). Whether DClps can be used to ameliorate allergic asthma has not been completely explored. The salient discoveries from our study show for the first time that the intraperitoneal transfer of DClps after OVA challenge considerably alleviated the airway inflammatory cell infiltration and eosinophilia, suggesting that the delivery routes of DClps might influence their protective effect in treated animals. On the other hand, the injection of DCia had negligible regulatory effects on airway inflammation; therefore, our data clearly indicate the pivotal functional differences between LPS-stimulated and immature DC in vivo.

When DClps migrate to the lung has not been clarified, nor had it been assessed whether DClps stably occupy the lung in vivo. Huang et al. previously reported that DC10 that were intraperitoneally delivered predominantly migrated to the lungs over 1 week and were visibly reduced within 2 weeks, which corresponded to the time span over which lung inflammation improved (12). On the other side, DC10 treatment have been shown to induce progressive decreases in Th2 responses (cytokines, eosinophilia, and IgE) to levels near background over the next 2–5 weeks (36). Others have confirmed that LPS activation is required for migratory activity and antigen presentation by tolDC generated with dexamethasone (37). Similarly, our DClps tracking data showed that injected cells well migrated to lungs but were active for only 1 week. It remains unexplored why DClps in this study only affected tolerance over 7 days while others have observed impacts over 2–5 weeks (12, 36), but the findings were not contradictory since the modeling time of animals and some treatment conditions differed in these studies.

Allergen-specific Th2 memory cells have been viewed as fundamental for the development of allergic asthma in both human and animal models (22), and DC regulate the generation of memory T cells at each stage via the interplay between these cells (38). TCM has the characteristics of self-renewal ability and long-term memory, which can proliferate after antigen restimulation; while the proliferation ability of TEM is lower than TCM, whose function is similar to effector T cell (24). We thus rechallenged the animals with OVA and assessed pulmonary memory CD4+ T cells, as described above. Of note, we showed that DClps and DC10, but not DCia, markedly decreased the number and proliferation activity of CD4+CD44+ memory T cells. Similarly, our MLR assay data confirm that IL-4 secretion was reduced in both TCM and TEM cells from DClps-treated mice, but IFN-γ was reduced only in TEM cells, suggesting that adoptive transfer of DClps or DC10 may alleviate Th2 inflammation by suppressing the immune recall response. There was no difference in the cell numbers of TCM and TEM among the groups. It has been reported that the immune characteristics of CCR7+TCM were significantly correlated with asthma severity and IgE levels, and the proportion of CCR7+TCM in peripheral blood mononuclear cells (PBMC) in patients with allergic asthma was significantly higher than that in patients without allergic asthma (22). However, the airway immune microenvironment of asthma is complex and ample experimental evidence supports that TCM and TEM cells can be converted to the other cell type in many conditions (21, 23), hence, the exact mutual proportion of TCM and TEM need to be further investigated in the future.

We showed that the number of pulmonary Tregs increased in the DClps and DC10 group, which is consistent with previous studies that LPS-treated BMDCs induce immune tolerance by activating CD4+ Tregs (24). Additionally, there is evidence showing that regulatory DC prohibited both antigen-specific IgE production and allergic responses via the expansion of CD4+CD25+Foxp3+Tregs (14), and Tregs were shown to remarkably increase in kidney-draining lymph nodes and kidneys after the adoptive transfer of DClps (33). Nevertheless, it has been reported that DC10 treatment ex vivo and in vivo did not augment the number of CD4+CD25+Foxp3+ T cells but rather contributed to their activation (20, 25, 36). Besides, Zhou et al. demonstrated that LPS-stimulated DC cannot modulate Treg-associated molecules on CD4+ T cells such as CD25 and Foxp3 ex vivo (39). Thus, wherein we were unable to unequivocally conclude that DClps have an ignorable impact on the number of CD4+CD25+Foxp3+Tregs in different diseases.

DC determines the differentiation of distinct T cell subsets and complex network of environmental signals and intrinsic cellular mechanisms affect DC’s tolerogenicity. Signal transducer and activator of transcription (STAT) is crucial in cytokines-induced cell responses, for example, IFN-γ induced STAT1 phosphorylation and IL-12 induced STAT4 phosphorylation can promote Th1 differentiation, whereas IL-4 induced STAT6 phosphorylation promotes Th2 differentiation. Medoff et al. demonstrated that STAT6 in BMDC was sufficient for the production of C-C motif chemokine ligand such as CCL17, CCL22, which are critical for Th2 lymphocyte recruitment to allergic airways (40). In present study, there is a trend of diminished expression of p-STAT4 in DClps group compared to OVA group, but it did not reach statistical significance (p >0.05). p-STAT6 in DClps and DC10 groups were obviously decreased compared to OVA group, which indicate DClps adoptive transfer reversed OVA-sensitized airway inflammation by inhibiting Th2-mediated inflammation.

In short, BMDC stimulated with LPS exhibited a tolerogenic phenotype. The intraperitoneal transfer of DClps inhibited the development of Th2 allergic responses by increasing Tregs, suppressing CD4+ memory T cells and decreasing STAT6 phosphorylation level in OVA-induced asthma models. Further insight into the molecular mechanism and optimal process underlying the DClps-mediated immune tolerance should be investigated in the future.
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Supplementary Figure 1 | Generation and characterization of bone marrow derived dendritic cells (BMDCs). (A) BM cells were cultured in RMPI-1640 medium with 10% FCS and 20ng/mL GM-CSF for 9 days. After incubation with PBS, 50ng/mL IL-10 or 10ng/mL LPS for 24h respectively, cells were stimulated with 1μM OVA for 2h, and DC ia, DC 10 and DC lps were collected. (B) BMDCs were first gated on CD11c and MHCII cells, and then the expression of CD80 and CD86 evaluated on CD11c+MHCII+ cells by FCM. Negative control was shown in upper panel.

Supplementary Figure 2 | Central and effector memory T cells were first gated on CD4 and CD44 cells, and then the expression of CD62 and CCR7 evaluated on CD4+CD44+ cells by FCM. Central memory CD4+ T cells (TCM) were determined as CD4+CD44+CD62+CCR7+ memory T cells. Effector memory CD4+ T cells (TEM) were determined as CD4+CD44+CD62L- CCR7- memory T cells.

Supplementary Figure 3 | Gating strategy of CD4+CD25+ Foxp3+ Tregs were shown in the representative FCM dot plots. Pulmonary Tregs were first gated on CD4 and CD25 cells, and then the expression of Foxp3 evaluated on CD4+CD25+ cells by FCM.

Supplementary Figure 4 | Representative Masson staining of airway and parenchyma (scale bar = 100μm, Masson staining showed that collagen fibers appeared blue and muscle fibers appeared red). Percentage of the blue collagen-positive area in airway in each group. The columns and error bars represent the mean and SEM. (ns = no significant difference, ANOVA with Tukey’s post hoc analysis). The same experiment was repeated 3 times with similar results (n = 5 in each group).



Abbreviations

DC, bone marrow-derived dendritic cells; DClps, LPS-activated BMDC; tolDC, tolerogenic dendritic cells; Tregs, regulatory T cells; DCia, immature DC; DC10, IL-10-induced DC; TCM, central memory T cells; TEM, effector memory T cells.



References

1. Morianos, I, and Semitekolou, M. Dendritic Cells: Critical Regulators of Allergic Asthma. Int J Mol Sci (2020) 21(21):7930. doi: 10.3390/ijms21217930

2. Vroman, H, Hendriks Rudi, W, and Kool, M. Dendritic Cell Subsets in Asthma: Impaired Tolerance or Exaggerated Inflammation? Front Immunol (2017) 8:941. doi: 10.3389/fimmu.2017.00941

3. Moreau, A, Alliot-Licht, B, Cuturi, M-C, and Blancho, G. Tolerogenic Dendritic Cell Therapy in Organ Transplantation. Transpl Int (2017) 30:754–64. doi: 10.1111/tri.12889

4. Thomson Angus, W, and Ezzelarab Mohamed, B. Regulatory Dendritic Cells: Profiling, Targeting, and Therapeutic Application. Curr Opin Organ Transplant (2018) 23:538–45. doi: 10.1097/MOT.0000000000000565

5. de Aragão-França, LS, Rocha, VCJ, Cronemberger-Andrade, A, da Costa, FHB, Vasconcelos, JF, Athanazio, DA, et al. Tolerogenic Dendritic Cells Reduce Airway Inflammation in a Model of Dust Mite Triggered Allergic Inflammation. Allergy Asthma Immunol Res (2018) 10:406–19. doi: 10.4168/aair.2018.10.4.406

6. Shahir, M, Mahmoud Hashemi, S, Asadirad, A, Varahram, M, Kazempour-Dizaji, M, Folkerts, G, et al. Effect of Mesenchymal Stem Cell-Derived Exosomes on the Induction of Mouse Tolerogenic Dendritic Cells. J Cell Physiol (2020) 235:7043–55. doi: 10.1002/jcp.29601

7. Bol Kalijn, F, Schreibelt, G, Gerritsen Winald, R, de Vries, IJ, and Figdor, CG. Dendritic Cell-Based Immunotherapy: State of the Art and Beyond. Clin Cancer Res (2016) 22:1897–906. doi: 10.1158/1078-0432.CCR-15-1399

8. Yoo, S, and Ha, S-J. Generation of Tolerogenic Dendritic Cells and Their Therapeutic Applications. Immune Netw (2016) 16:52–60. doi: 10.4110/in.2016.16.1.52

9. Boks, MA, Kager-Groenland, JR, Haasjes, MSP, Zwaginga, JJ, van Ham, SM, and ten Brinke, A. Il-10-generated Tolerogenic Dendritic Cells are Optimal for Functional Regulatory T Cell Induction–a Comparative Study of Human Clinical-Applicable DC. Clin Immunol (2012) 142:332–42. doi: 10.1016/j.clim.2011.11.011

10. Kryczanowsky, F, Raker, V, Graulich, E, Domogalla, MP, and Steinbrink, K. Il-10-Modulated Human Dendritic Cells for Clinical Use: Identification of a Stable and Migratory Subset With Improved Tolerogenic Activity. J Immunol (2016) 197:3607–17. doi: 10.4049/jimmunol.1501769

11. Raker Verena, K, Domogalla Matthias, P, and Steinbrink, K. Tolerogenic Dendritic Cells for Regulatory T Cell Induction in Man. Front Immunol (2015) 6:569. doi: 10.3389/fimmu.2015.00569

12. Huang, H, Dawicki, W, Lu, M, Nayyar, A, Zhang, X, and Gordon, JR. Regulatory Dendritic Cell Expression of MHCII and IL-10 Are Jointly Requisite for Induction of Tolerance in a Murine Model of OVA-Asthma. Allergy (2013) 68:1126–35. doi: 10.1111/all.12203

13. Zhou, F, Ciric, B, Zhang, GX, and Rostami, A. Immunotherapy Using Lipopolysaccharide-Stimulated Bone Marrow-Derived Dendritic Cells to Treat Experimental Autoimmune Encephalomyelitis. Clin Exp Immunol (2014) 178:447–58. doi: 10.1111/cei.12440

14. Fujita, S, Yamashita, N, Ishii, Y, Sato, Y, Sato, K, and Eizumi, K. Regulatory Dendritic Cells Protect Against Allergic Airway Inflammation in a Murine Asthmatic Model. J Allergy Clin Immunol (2008) 121:95–104.e7. doi: 10.1016/j.jaci.2007.08.038

15. Kushwah, R, Wu, J, Oliver, JR, Jiang, G, Zhang, J, Siminovitch, KA, et al. Uptake of Apoptotic DC Converts Immature DC Into Tolerogenic DC That Induce Differentiation of Foxp3+ Treg. Eur J Immunol (2010) 40:1022–35. doi: 10.1002/eji.200939782

16. Keller, CW, Kotur, MB, Mundt, S, Dokalis, N, Ligeon, LA, Shah, AM, et al. CYBB/NOX2 in Conventional DCs Controls T Cell Encephalitogenicity During Neuroinflammation. Autophagy (2020) 1–15. doi: 10.1080/15548627.2020.1756678

17. Kwak, Y-G, Song, CH, Yi, HK, Hwang, PH, Kim, JS, Lee, KS, et al. Involvement of PTEN in Airway Hyperresponsiveness and Inflammation in Bronchial Asthma. J Clin Invest (2003) 111:1083–92. doi: 10.1172/JCI16440

18. Fioretti, F, Fradelizi, D, Stoppacciaro, A, Ramponi, S, Ruco, L, Minty, A, et al. Reduced Tumorigenicity and Augmented Leukocyte Infiltration After Monocyte Chemotactic Protein-3 (MCP-3) Gene Transfer: Perivascular Accumulation of Dendritic Cells in Peritumoral Tissue and Neutrophil Recruitment Within the Tumor. J Immunol (1998) 161:342–6.


19. Banchereau, J, and Steinman, RM. Dendritic Cells and the Control of Immunity. Nat (1998) 392:245–52. doi: 10.1038/32588

20. Lu, M, Dawicki, W, Zhang, X, Huang, H, Nayyar, A, and Gordon, JR. Therapeutic Induction of Tolerance by IL-10-Differentiated Dendritic Cells in a Mouse Model of House Dust Mite-Asthma. Allergy (2011) 66:612–20. doi: 10.1111/j.1398-9995.2010.02526.x

21. Mackenzie Karen, J, Nowakowska, DJ, Leech, MD, McFarlane, AJ, Wilson, C, Fitch, PM, et al. Effector and Central Memory T Helper 2 Cells Respond Differently to Peptide Immunotherapy. Proc Natl Acad Sci USA (2014) 111:E784–93. doi: 10.1073/pnas.1316178111

22. Moaaz, M, Youssry, S, Baess, A, Abed, A, and Moaaz, M. Immune Signature of CCR7 Central Memory T Cells Associates With Disease Severity and Immunoglobulin E in Bronchial Asthma. Eur Ann Allergy Clin Immunol (2021) 53:115–27. doi: 10.23822/EurAnnACI.1764-1489.168

23. Nguyen, QP, Deng, TZ, Witherden, DA, and Goldrath, AW. Origins of CD4 Circulating and Tissue-Resident Memory T-Cells. Immunol (2019) 157:3–12. doi: 10.1111/imm.13059

24. Pepper, M, and Jenkins Marc, K. Origins of CD4(+) Effector and Central Memory T Cells. Immunol (2011) 12:467–71. doi: 10.1038/ni.2038

25. Huang, H, Dawicki, W, Zhang, X, Town, J, and Gordon, JR. Tolerogenic Dendritic Cells Induce CD4+CD25hiFoxp3+ Regulatory T Cell Differentiation From CD4+CD25-/loFoxp3- Effector T Cells. J Immunol (2010) 185:5003–10. doi: 10.4049/jimmunol.0903446

26. Zhou, F, Zhang, G-X, and Rostami, .A. LPS-Treated Bone Marrow-Derived Dendritic Cells Induce Immune Tolerance Through Modulating Differentiation of CD4 Regulatory T Cell Subpopulations Mediated by 3G11 and CD127. Immunol Res (2017) 65:630–8. doi: 10.1007/s12026-016-8881-z

27. Athari, SS. Targeting Cell Signaling in Allergic Asthma. Signal Transduct Target Ther (2019) 4:45. doi: 10.1038/s41392-019-0079-0

28. Chen, Z, Wang, S, Erekosima, N, Li, Y, Hong, J, Qi, X, et al. IL-4 Confers Resistance to IL-27-Mediated Suppression on CD4+ T Cells by Impairing Signal Transducer and Activator of Transcription 1 Signaling. J Allergy Clin Immunol (2013) 132:912–21.e1-5. doi: 10.1016/j.jaci.2013.06.035

29. Steinbrink, K, Wölfl, M, Jonuleit, H, Knop, J, Enk, AH, et al. Induction of Tolerance by IL-10-treated Dendritic Cells. J Immunol (1997) 159:4772–80.


30. Ellestad, KK, Tsutsui, S, Noorbakhsh, F, Warren, KG, Yong, VW, Pittman, QJ, et al. Early Life Exposure to Lipopolysaccharide Suppresses Experimental Autoimmune Encephalomyelitis by Promoting Tolerogenic Dendritic Cells and Regulatory T Cells. J Immunol (2009) 183:298–309. doi: 10.4049/jimmunol.0803576

31. Koya, T, Matsuda, H, Takeda, K, Matsubara, S, Miyahara, N, Balhorn, A, et al. IL-10-Treated Dendritic Cells Decrease Airway Hyperresponsiveness and Airway Inflammation in Mice. J Allergy Clin Immunol (2007) 119:1241–50. doi: 10.1016/j.jaci.2007.01.039

32. Nayyar, A, Dawicki, W, Huang, H, Lu, M, Zhang, X, and Gordon, JR. Induction of Prolonged Asthma Tolerance by IL-10-differentiated Dendritic Cells: Differential Impact on Airway Hyperresponsiveness and the Th2 Immunoinflammatory Response. J Immunol (2012) 189:72–9. doi: 10.4049/jimmunol.1103286

33. Zheng, D, Qi, C, Lee Vincent, WS, Wang, Y, Zheng, G, Wang, Y, et al. Lipopolysaccharide-Pretreated Plasmacytoid Dendritic Cells Ameliorate Experimental Chronic Kidney Disease. Kidney Int (2012) 81:892–902. doi: 10.1038/ki.2011.471

34. Ahrens, B, Freund, T, Rha, R-D, Dittrich, AM, Quarcoo, D, Hutloff, A, et al. Lipopolysaccharide Stimulation of Dendritic Cells Induces Interleukin-10 Producing Allergen-Specific T Cells In Vitro But Fails to Prevent Allergic Airway Disease. Exp Lung Res (2009) 35:307–23. doi: 10.1080/01902140802709460

35. Bellinghausen, I, Sudowe, S, König, B, Reske-Kunz, AB, Knop, J, and Saloga, J. Interleukin-10-Treated Dendritic Cells Do Not Inhibit Th2 Immune Responses in Ovalbumin/Alum-Sensitized Mice. Int Arch Allergy Immunol (2006) 141:61–9. doi: 10.1159/000094255

36. Li, X, Yang, A, Huang, H, Zhang, X, Town, J, Davis, B, et al. Induction of Type 2 T Helper Cell Allergen Tolerance by IL-10-Differentiated Regulatory Dendritic Cells. Am J Respir Cell Mol Biol (2010) 42:190–9. doi: 10.1165/rcmb.2009-0023OC

37. Anderson, AE, Swan, DJ, Sayers, BL, Harry, RA, Patterson, AM, von Delwig, A, et al. LPS Activation Is Required for Migratory Activity and Antigen Presentation by Tolerogenic Dendritic Cells. J Leukoc Biol (2009) 85:243–50. doi: 10.1189/jlb.0608374

38. Hondowicz, BD, Dowon, A, Schenkel, JM, Kim, KS, Steach, HR, Krishnamurty, AT, et al. Interleukin-2-Dependent Allergen-Specific Tissue-Resident Memory Cells Drive Asthma. Immun (2016) 44:155–66. doi: 10.1016/j.immuni.2015.11.004

39. Miyata, S, Matsuyama, T, Kodama, T, Nishioka, Y, Kuribayashi, K, Takeda, K, et al. STAT6 Deficiency in a Mouse Model of Allergen-Induced Airways Inflammation Abolishes Eosinophilia But Induces Infiltration of CD8+ T Cells. Clin Exp Allergy (1999) 29:114–23. doi: 10.1046/j.1365-2222.1999.00405.x

40. Medoff, BD, Seung, E, Hong, S, Thomas, SY, Sandall, BP, Duffield, JS, et al. CD11b+ Myeloid Cells are the Key Mediators of Th2 Cell Homing Into the Airway in Allergic Inflammation. J Immunol (2009) 182:623–35. doi: 10.4049/jimmunol.182.1.623



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Min, Zeng, Zhu, Cui, Mao, Jin and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-595369-g008.jpg
S| ————— %II *n

————— || ﬂ I

Ao | ————— i






OEBPS/Images/fimmu-12-595369-g003.jpg





OEBPS/Images/fimmu-12-595369-g001.jpg





OEBPS/Images/fimmu-12-595369-g006.jpg
Ton

A

I

(Yw/8d) M3y wou g3

Ten

Te

B4 ) wosy A1

W]
T —

(wBd) W31 wom A-N4I






OEBPS/Images/fimmu-12-595369-g005.jpg
il o oo Diarhem

OvA+DC 10 OVA+DC Ips

crse






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Lipopolysaccharide-Activated Bone Marrow-Derived Dendritic Cells Suppress Allergic Airway Inflammation by Ameliorating the Immune Microenvironment

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mice

          



          		

            Isolation and Characterization of BMDCs

          



          		

            Establishment of OVA-Induced Asthmatic Mice and the Adoptive Transfer of DCs

          



          		

            Sorting of Pulmonary Memory CD4+ T Cells From OVA-Induced Asthmatic Mice

          



          		

            Mixed Lymphocyte Reaction (MLR) of Pulmonary Memory CD4+ T Cells and BMDCs

          



          		

            Pulmonary Tregs of OVA-Induced Asthmatic Mice

          



          		

            Tracking BMDC in the Lung

          



          		

            Histopathologic Analysis of the Lung

          



          		

            Cytokine Releasing Capacity of BMDC

          



          		

            WB Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Secretory Capacity and Costimulatory Molecule Expression of DCs

          



          		

            Adoptive Transfer of DClps Alleviated Airway Inflammation in OVA-Induced Asthmatic Mice

          



          		

            Adoptive Transfer of DClps Effectively Migrated to the Lung of OVA-Induced Asthmatic Mice

          



          		

            Adoptive Transfer of DClps Reduced the Number of Pulmonary Memory CD4+ T Cells

          



          		

            Adoptive Transfer of DClps Inhibited Pulmonary Memory CD4+ T Cell Proliferation

          



          		

            Adoptive Transfer of DClps Changed the Cytkoine Releasing Ability of Pulmonary Memory CD4+ T Cell

          



          		

            Adoptive Transfer of DClps Increased the Number of Pulmonary Tregs in OVA-Induced Asthmatic Mice

          



          		

            Adoptive Transfer of DClps Decreased the Phosphorylation Level of STAT6 in OVA-Induced Asthmatic Mice

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.595369_cover.jpg
, frontiers
in Immunology

Lipopolysaccharide-Activated Bone
Marrow-Derived Dendritic Cells
Suppress Allergic Airway
Inflammation by Ameliorating the
Immune Microenvironment





OEBPS/Images/fimmu-12-595369-g002.jpg
(laoie 1va s s e s g






OEBPS/Images/fimmu-12-595369-g004.jpg
5 OVA+AIm OVA+AIum OVAin. x5d OVAin. x5d |sacrificed.
+ e
H ; >
=% i o E A
frepm v ocihase
2 Control ova OVA+DCia  OVA+DCI0  OVA+DClps
0 O g - lm [ L o
LA 3 AL |
T LEEE = e
=
Fey o ‘ - e e
B [T | [T ] | ’*‘u i pes
g [T [T on 9






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-595369-g007.jpg
-

Lated €03 €0 ol

- o ovain s

ovasnei






