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Abstract

Background—Allergy and allergic asthma are significant health burdens in developed countries 

and are increasing in prevalence. Dendritic cells (DCs) initiate immune responses to common 

aeroallergens and ADAM10 has been demonstrated to be important for the development of 

adaptive responses. This study’s objective was to understand the role of ADAM10 on DCs in the 

development of allergic and anaphylactic responses.

Methods—In this study we used mouse models of allergic airway inflammation (house dust mice 

and Alternaria alternata) and OVA-induced models of active anaphylaxis to determine the DC-

specific function of ADAM10 and Notch signaling. To examine TH1 and TH17 immunity infection 

with Anaplasma phagocytophilum and Citrobacter rodentium were used.

Results—Mice, which have ADAM10 deleted from DCs, have dramatic reductions in IgE 

production and do not develop significant TH2 immune responses. Further, ADAM10DC−/− mice 

are resistant to IgE-mediated anaphylaxis. This response is selective for TH2 immunity as TH1 and 

TH17 immunity are largely unaffected. Notch1, a known ADAM10 substrate, when knocked out of 

DCs (Notch1DC−/−) demonstrated a similar reduction in anaphylaxis and IgE. Without ADAM10 

and Notch1 signaling, DCs were unable to make cytokines that stimulate TH2 cells and cytokines. 

Anaphylaxis and allergic lung inflammation were restored in ADAM10DC−/− with the 

overexpression of the Notch1-intracellular domain, confirming the role of Notch signaling.
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Conclusions—Targeting ADAM10 and Notch1 on DCs represent a novel strategy for 

modulating TH2 immune responses and IgE production.

Introduction

Allergic asthma has become a major disease of the developing world with yearly increases 

in incidence. Worldwide, the number of people with asthma is estimated to grow by 100 

million by the year 20241. Innate and adaptive immune responses lead to the production of T 

helper 2 (TH2) cytokines, IL-4, IL-5, and IL-13, which in turn cause many of the clinical 

symptoms seen in asthma including eosinophil infiltration, mucus overproduction, and 

airway constriction2. IgE plays a role in many TH2-mediated allergic diseases, including 

airway inflammation and type 1 hypersensitivity anaphylaxis. Specific control of IgE 

production has not been successful to date. We examined the role of the metalloproteinase 

ADAM10 on dendritic cells (DCs) in TH2 immunity using models of allergic airway 

inflammation and anaphylaxis.

In prototypic antigen (ovalbumin (OVA) and aeroallergen (house dust mite (HDM)) models 

of allergic airway inflammation in mice, DCs have been extensively studied as initiators of 

TH2 immunity. Specific cytokine milieus generated by DCs are important for initiating TH2 

responses, particularly expression of IL-6 and lack of IL-12p70. Recently, the transcription 

factor KLF4 has also been shown to be important for TH2 immunity3. Further, certain 

costimulatory molecules, OX40L, CD86, PDL2, and cell surface proteins, CD301b (MGL2), 

jagged 1, and jagged 2, on DCs also influence the priming of T cells toward TH24.

We examined how DC ADAM10, a member of the A disintegrin and metalloproteinase 

(ADAM) family which mediate ectodomain shedding, influenced the generation of TH2 

immune responses. This has not previously been explored though ADAM10 has been 

studied in many physiological and disease processes5,6. Ligands for ADAMs include growth 

factors and cytokines as well as their receptors, including Notch receptors. Upon Notch 

receptor–ligand engagement a conformational shift occurs revealing the S2 cleavage site for 

ADAMs. This step is followed by cleavage by γ-secretase, releasing the Notch-intracellular 

domain (N-ICD), which translocates to the nucleus and with binding partners initiates 

transcription of Notch target genes7. ADAM10 is required for the cleavage of Notch as is 

evident in the global ADAM10 knockout, which displays typical loss of function Notch 

defects8. Within the immune system, lack of ADAM10 in T cells ablates T cell 

development9. ADAM10 deletion in B cells leads to inhibition of humoral immunity10,11 

and absence of marginal zone B cells12.

Herein we show new evidence for the role of Notch1 and ADAM10 in DCs in the 

development of murine TH2 airway inflammation and IgE production. Phenotype analysis 

indicated that Notch1 expression was particularly critical. Deletion of ADAM10 on DCs led 

to changes in the costimulatory molecule OX40L and cytokine IL-6, both of which are 

critical for the generation of TH2 responses. To determine the T helper type specificity of 

ADAM10DC−/−, infection with Anaplasma phagocytophilum an obligate intracellular 

pathogen, clearance of which requires CD4+ T cells and IFNγ13,14, Alternaria alternate, a 

common fungal aeroallergen, which stimulates both TH2 and TH17 immune responses15,16 
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and Citrobacter rodentium, an attaching and effacing enteric pathogen that elicits innate 

lymphocyte type 3 and TH17 responses17 were used. Our data demonstrates that TH2 

responses were consistently reduced and other T helper types were less affected.

Results

ADAM10DC−/− mice have reduced high affinity IgG1 and recall responses

To determine if ADAM10 had a role in DC function, we generated ADAM10DC−/− mice 

(ADAM10 is absent in CD11c+ cells). As an initial study of DC stimulation of T cells, WT 

and ADAM10DC−/− were immunized with NP31-KLH in alum and IgG1 anti-DNP 

determined (Fig 1A, 1B). Total affinity NP-specific IgG1 was only significantly different in 

the recall, while ADAM10DC−/− had significantly less high affinity NP-specific IgG1 at day 

21 and more dramatically 5 days after boost (Fig 1A, 1B). Total serum levels (Fig 1C) were 

not different. Antigen-specific IgE is not detectable even in WT mice, however total IgE 

levels were lower in the ADAM10DC−/− mice (Fig 1D). The differences in response between 

WT and ADAM10DC−/− were not seen when NP-specific IgG2a was measured (Fig 1E–G), 

indicating the defect may specifically affect TH2 immunity. Examination of 14 day draining 

popliteal lymph nodes revealed no significant differences in germinal center (GC) B cells 

and T follicular helper (TFH) cells (Fig 1H, 1I).

ADAM10DC−/− mice have reduced TH2 immune response to house dust mite (HDM) extract

We then examine the effects of ADAM10 deletion from DCs on TH2 immunity using a 14 

day model of allergic airway inflammation with HDM extract18. ADAM10DC−/− mice had 

significantly less airway hyperresponsiveness, indeed resistance was almost at saline levels 

(Fig 2A). Further, ADAM10DC−/− had fewer eosinophils in the bronchoalveolar lavage fluid 

(BALF) (Fig 2B) and less Il4 and Il13 mRNA expression in the lung tissue compared (Fig 

2C, 2D). By H&E staining, ADAM10DC−/− lungs had dramatically less inflammatory 

infiltrate (Fig 2E). Serum HDM-specific IgG1 (Fig 2F) and total IgG1 (Fig 2G) were 

reduced in ADAM10DC−/− mice and most strikingly, serum total IgE was almost completely 

absent (Fig 2H). These results indicate that ADAM10DC−/− mice have a diminished TH2 

response to HDM, particularly with respect to IgE production.

ADAM10DC−/− mice are resistant to active systemic anaphylaxis

Given the remarkable reduction in IgE in the HDM model, we turned to an OVA model of 

active systemic anaphylaxis (ASA), which is exquisitely sensitive for the presence of 

antigen-specific IgE. Upon challenge with the sensitizing antigen, OVA, WT mice displayed 

a severe temperature drop, typical of anaphylaxis. Remarkably, ADAM10DC−/− mice were 

completely resistant, exhibiting little temperature change after challenge (Fig 3A). Total and 

OVA-specific IgG1 levels were similar between WT and ADAM10DC−/− (Fig 3B, 3C). 

However, ADAM10DC−/− mice had significantly less total IgE and almost absent OVA-

specific IgE (Fig 3D, 3E) consistent with the lack of anaphylaxis. To demonstrate that mast 

cells were functioning properly in the ADAM10DC−/− mice, they were subjected to passive 

systemic anaphylaxis, in which antigen-specific IgE (IgE anti-DNP) is i.p. injected into 

mice, and 24h later, the mice are challenged with the antigen (DNP-BSA). WT and 
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ADAM10DC−/− mice displayed a similar degree of temperature drop after challenge 

indicating no defect in mast cell function (Fig 3F).

Our previous studies with ADAM10B−/− mice demonstrated a reduction in HDM induced 

allergy airway inflammation19 similar to the results generated with ADAM10DC−/−. To 

determine if ADAM10 deficiency on B cells contributes to the findings here, we first 

examined the expression of the low affinity IgE receptor, CD23, on B cells in 

ADAM10DC−/−, ADAM10B−/−, and WT mice. ADAM10 is the primary sheddase of CD23, 

and ADAM10-deficient B cells express higher levels of CD23 than WT B cells12. Splenic 

B220+ cells from ADAM10DC−/− mice expressed a similar level of CD23 on the surface as 

WT, which was less than ADAM10B−/− mice (Fig S1A, S1B). We further demonstrate the 

difference between knocking out ADAM10 from DCs compared to B cells in the ASA 

model used in Figure 3. ADAM10B−/− mice exhibit anaphylaxis upon OVA challenge 

similar to WT and have to be euthanized due to severe temperature drop, whereas 

ADAM10DC−/− mice are resistant to anaphylaxis (Fig S1C). These results strongly suggest 

that ADAM10 deficiency on B cells does not occur in ADAM10DC−/− mice and is not 

involved in the phenotype of these mice.

ADAM10DC−/− mice have intact TH1 and TH17 responses

To examine TH1 immunity, we infected ADAM10DC−/− and WT mice with A. 
phagocytophilum and found equivalent bacterial burden in the blood of WT and 

ADAM10DC−/− mice at all time points. Both groups had cleared the infection by day 28 (Fig 

S2A). To further demonstrate the specificity of the TH2 defect in ADAM10DC−/− mice, 

responses to a fungal aeroallergen, A. alternata, and infections with A. phagocytophilum and 

C. rodentium were tested. After intranasal sensitization and challenge with A. alternata, we 

found that ADAM10DC−/− mice had reduced eosinophils in the BALF compared to WT, 

consistent with the HDM model (Fig 4A). Interestingly, they had equivalent levels of 

neutrophils (Fig 4B). ADAM10DC−/− mice had fewer CD4+ IL-13+ cells, but similar levels 

of CD4+ IFNγ+ and CD4+ IL-17+ cells to WT (Fig 4C). Reduced amount of IgG1 and IgE 

were found in the serum of ADAM10DC−/− mice, but we did not see any reduction in IgG2b 

(Fig 4D–F). Antibody, BALF, and intracellular cytokine data reinforce the selective defect in 

TH2 immunity present in ADAM10DC−/− mice. After infection with the extracellular 

bacterium Citrobacter rodentium ADAM10DC−/− mice lost more body weight over the 

course of infection (Fig S2B) and were more likely to succumb (Fig S2C) than WT. 

However, no differences were seen in total and CR-specific IgG2b (Fig S2D, S2E), similar 

to the response to fungal allergen. While colony counts indicated a similar infection level in 

the colon (Fig S2F), ADAM10DC−/− mice had more disseminated infection as measured by 

CFUs in the spleen (Fig S2G). These data suggest that ADAM10DC−/− mice were less able 

to control the C. rodentium infection despite equivalent antibody levels.

Role of Notch1 and Notch2 in the immune defects of ADAM10DC−/− mice

One of the most well-known ADAM10 substrates are Notch receptors5, and Notch2 at least 

is known to play an important role in DC function. To determine if the anaphylaxis 

phenomenon in the ADAM10DC−/− is due to lack of Notch signaling, we subjected 

Notch2DC−/− mice to the OVA ASA protocol as in Figure 3. Notch2DC−/− produced a similar 
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level of temperature drop as the WT controls (Fig 5A). Serum total and OVA-specific IgE 

were not significantly different than WT control (Fig 5B, 5C), although the IgE trended 

down. We then tested the other DC relevant Notch, Notch1 (Notch1DC−/−). A total of nine 

mice were utilized in the experiment; six of nine had essentially no anaphylaxis while three 

had similar temperature drops as the controls. The combined temperature data are shown in 

Fig 5D. Due to the aforementioned variability, there was not a significant difference in 

temperature drop, but Notch1DC−/− had less OVA-specific IgE levels compared to WT (Fig 

5E, 5F). Fig S3 shows the comparison between the 6 mice (Fig S3A–C), which exhibited 

anaphylaxis versus three (Fig S3D–F) that responded like WT. The six non-responders are 

clearly quite similar to ADAM10DC−/− mice. To confirm that specificity of our results, we 

examined Notch target gene expression in B cells, T cells, and DCs. We found that B and T 

cells from Notch1DC−/− and WT mice had similar levels of Hes1 expression, whereas 

CD11c+ BMDCs from Notch1DC−/− mice had significantly less expression of Hes1 
compared to WT mice (Fig S4).

To confirm involvement of Notch signaling in the ADAM10DC−/− mice, we crossed the 

ADAM10DC−/− mice to the ROSAN1-ICD mice, which have a lox-stop-lox before the 

Notch1-ICD (N1-ICD) inserted into the ROSA locus20. ASA with these mice were quite 

similar to WT mice (Fig 5G) and levels of total and OVA-specific IgE were restored to WT 

levels (Fig 5H, 5I). Further, we found that N1-ICD expression rescued the airway 

hyperresponsiveness and total serum IgE in the HDM model in ADAM10DC−/− mice (Fig 

5J, 5K). Overall the data demonstrate the importance of Notch signaling in the anaphylaxis 

response and allergic airway inflammation as well as in the production of total and OVA-

specific IgE.

ADAM10DC−/− DCs stimulate less TH2 cytokine expression in T cells

To understand how ADAM10-deficient DCs were modulating T helper responses, we 

examined the ability of ADAM10-deficient and WT DCs to present antigen to stimulate T 

helper cytokines in vivo. Labeled CD4+ OT-II T cells in the medLN proliferated to similar 

extent in WT and ADAM10DC−/− mice after i.n. administration of OVA/HDM (Fig 6A). 

Interestingly, CD172+ DCs, which stimulate CD4+ T cells, in the medLN of ADAM10DC−/− 

mice expressed less OX40L, which is a costimulatory molecule associated with TH2 

responses (Fig 6B)21,22. 4C13R OT-II CD4+ T cells, which express AmCyan with IL-4 and 

DsRed with IL-13 expression, were utilized in the same system as above. While IL-4 levels 

were not detectable at this time point, ADAM10DC−/− mice had dramatically fewer CD4+ 

IL-13+ T cells in the medLN than WT (Fig 6C, D). Overall these data indicate that 

ADAM10-deficient DCs are not able to stimulate CD4+ T cells to make the TH2 cytokine, 

IL-13.

ADAM10DC−/− DCs have reduced Klf4 and Il6 expression

Several DC-produced cytokines and transcription factors have been implicated in skewing T 

helper responses toward TH2. Lack of IL-12 and high IL-6 expression have been cited as 

promoting TH2 cell development4 as well as the expression of Kruppel-like factor 4 (Klf4)3. 

While no difference in Il12 message was seen (Fig 6E), expression of Klf4 and Il6 mRNA 

were significantly reduced in CD172+ DCs isolated from BMDCs from ADAM10DC−/− 
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mice (Fig 6F,G). However, only Il6 expression was restored in ADAM10-deficient CD172+ 

BMDCs when Notch signaling was recovered (ADAM10DC−/−N1-ICD+) (Fig 6E–G). As a 

control, we also examined the expression of the Notch target gene Hes1 and indeed found 

that ADAM10DC−/− BMDCs had less expression of Hes1 than WT, which was restored with 

constitutive N1-ICD expression (Fig S5). We also analyzed ADAM10 deficient and WT 

CD172+ BMDCs for the presence of cleaved Notch1 by western blot. ADAM10DC−/− 

BMDCs had less cleaved Notch1 than WT BMDCs (Fig 6H), indicating less activation of 

Notch1. These findings further underscore the importance in Notch signaling in the ability of 

DCs to stimulate TH2 responses.

Discussion

While the role of DCs in the initiation of TH2 immune responses is well recognized, the 

function of ADAM10 in DCs has not previously been investigated. Here we demonstrate 

that deletion of ADAM10 from DCs results in diminished TH2/IgE-mediated pathology 

using several TH2 models. Firstly, the main antibody defect was in IgE production in all 

models tested. Airway resistance in the HDM model was reduced to essentially the saline 

control and eosinophil levels were decreased by 50% (Fig 2B). These results are further 

supported by the reduction in lung TH2 cytokines (Fig 2C, 2D). A TH2 selective defect is 

supported by the A. alternata (Fig 4), which stimulates TH2 and TH17 responses16. Fewer 

eosinophils, IL-13+ CD4+ T cells, and decreased IgE levels were seen (Fig 4A, 4C, 4E). In 

contrast, levels IL-17+ or IFNγ+ cells, while relatively rare, were similar between WT and 

ADAM10DC−/− mice (Fig 4C). Further, IgG2b and neutrophils in the BALF were also 

equivalent. In the other model of TH17 immunity, infection with C. rodentium, we did find 

differences, specifically that ADAM10DC−/− lost more weight during the infection and had 

more disseminated bacteria than WT. Despite these findings, we found similar levels of total 

and CR-specific antibody (S2B–G). Notch2DC−/− have been studied in this infection model 

and exhibit severely impaired immunity compared to WT due to the loss of the CD11b+ 

CD103+ DC population in the mesenteric LN and lamina propria23. ADAM10DC−/− mice 

have a mild reduction in this subset (data not shown), which may explain the disparity in 

severity of infection between ADAM10DC−/− and Notch2DC−/− mice. For examination of 

TH1 defects, ADAM10DC−/− and WT mice with the A. phagocytophilum, where T cell 

production of IFNγ is crucial for pathogen elimination13,14. ADAM10DC−/− cleared this 

infection with similar efficiency as WT (Fig S2A). Overall, the primary defect in the 

ADAM10DC−/− animals relates to TH2 function.

To further examine the role of DC Notch expression in the TH2 impairment seen, two DC-

specific Notch knockouts were used. Notch2 expression on DCs was not responsible for the 

loss of TH2 function as Notch2DC−/− mice responded similarly to WT in the ASA model. 

Data from Notch1DC−/− mice fell into two groups; 6 of 9 showing no evidence of 

anaphylaxis while 3 of 9 responded the same as WT controls (Fig S3A, S3B). This suggests 

that the level of specific IgE is near the threshold for anaphylaxis, whereas ADAM10DC−/− 

mice are clearly under that threshold with 10 of 11 exhibiting no temperature drop. Perhaps 

a small amount of compensation by Notch2 is occurring in the Notch1DC−/− mice, as 

ADAM10 deletion would cause a defect in both Notch1 and 2. Notch signaling is 

undoubtedly implicated in our results since the overexpression of N1-ICD restored the 
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temperature drop in the ADAM10DC−/− animals (Fig 5H). Overall the results obtained 

indicate that the ADAM10 substrate that is important for mediating TH2 immunity is indeed 

Notch, with Notch1 exhibiting a higher level of importance than Notch2. The activation of 

Notch signaling requires the Notch receptor to bind to a Notch ligand, typically on adjacent 

cells. As both T cells and DCs can express the Notch ligands24, either interaction could 

work. Several Notch ligands on DCs have been studied in the context of TH2 immunity. 

Jagged 1 and 2 on DCs have been shown to promote TH2 response4, but we did not find 

alterations in either of these on ADAM10-deficient DCs (data not shown). While the role of 

Notch1 has previously been studied in DCs, the studies found no alterations in DC subsets25, 

which is consistent with our findings (data not shown), however our results demonstrate an 

important role for DC Notch1 expression and indeed, this is the first demonstration of 

Notch1’s importance on DCs.

We found that the TH2 promoting co-stimulatory molecule OX40L21,22 on DCs in the 

medLN from ADAM10DC−/− mice is greatly reduced compared to WT (Fig 6B). OX40L has 

been demonstrated to be upregulated by thymic stromal lymphopoietin (TSLP) in the 

airways after HDM exposure acting by transcription factor PU.1 binding to the proximal 

promoter and activation of NFkB26. Notch signaling increased PU.1 levels in hematopoietic 

progenitor cell line and lead to NFkB activation. Another study demonstrated that Notch1-

Delta-like 1 signaling led to increased OX40L and IL-6 expression27. OX40L on DCs 

mediates priming and maintenance of memory for TH2 responses21. The cytokine IL-6 has 

also been shown to be critical for the development of TH2 responses as DCs from IL-6KO 

mice are unable to stimulate TH2 cytokine and Der p-specific IgG128. ADAM10DC−/− mice 

have reduced IL-6, HDM-specific IgG1, and IgE (Fig 6G, 2F, 2H). The transcription factor 

KLF4 is able to bind to and activate the Il6 promoter in DCs29. We show that both Klf4 and 

Il6 expression is reduced in ADAM10-deficient BMDCs (Fig 6F, 6G). However, only Il6 
expression was restored with N1-ICD expression, indicating that it may be responsible for 

the phenotype observed in ADAM10DC−/− mice. Further support of this finding is that IL-6 

has been demonstrated to be upregulated by non-canonical Notch signaling and is dependent 

on N1-ICD30.

Ever since IgE was discovered in the 1960s and the recognition of its importance in Type I 

hypersensitivity, specific reduction in IgE synthesis has been a long sought mechanism to 

control these diseases. This has proven to be a difficult task, as this needs to be 

accomplished without significantly reducing protective immunoglobulin. This work 

demonstrates a clear reduction in TH2-mediated disease and IgE production in 

ADAM10DC−/− mice. In an earlier paper, we also demonstrated that the OVA31 or HDM19 

allergy model was reduced when ADAM10 was deleted from B cells. However the B cell 

knockout has an overall reduction in all antibody classes10, while the ADAM10DC−/− mice 

had primarily a TH2 defect through Notch1. While the C. rodentium data indicate Notch2 

defects as well, the results presented here combined with fact that relatively specific delivery 

of drugs to lungs indicate that inhibition of ADAM10 on DCs in the lungs would represent a 

method to control the antigen specific IgE production that plays a role in Type I airway 

hypersensitivity. Current studies are examining this possibility using mouse models. If 

successful, this would have the potential of being a general therapy for TH2-mediated airway 

diseases.
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Experimental Procedures

Mice

All animal experiments were performed with the approval of the VCU Institutional Animal 

Care and Use Committee. Mice were maintained in VCU animal facility in accordance with 

guidelines for the humane treatment of laboratory animals set forth by the NIH and 

AAALAC. ADAM10flox mice12 were bred to B6.Cg-Tg(Itgax-cre)1-1Reiz/J (CD11c-cre, 

Stock No. 008068) to generate ADAM10DC−/− mice. Notch1flox (Stock No. 006951), 

Notch2flox (Stock No. 010525), and N1-ICD Gt(ROSA)26Sortm1(Notch1)Dam/J (Stock No. 

8159) were bred to the CD11c-cre mouse (all from The Jackson Laboratory, Bar Harbor, 

ME. 4C13RTg reporter mice, were a kind gift from Bill Paul’s lab at NIH/NIAID32. The 

4C13RTg mice were bred to OT-II mice to generate 4C13R-OT-II mice. All mice were on 

the C57Bl/6 background, and healthy male and female 6–12 week old mice were used for 

experiments.

Antibodies

Antibodies used were: anti-mouse CD45R/B220 (clone RA3-6B2), PE anti-mouse CD95 

(clone SA367H8), and APC anti-GL7 (clone GL7), (FITC anti-mouse CD4 (clone GK1.5), 

BV421 anti-mouse PD-1 (clone 29F.1A12), biotin anti-mouse CXCR5 (clone L138D7), and 

PE-Cy7 Streptavidin), APC anti-mouse CD45R/B220 (clone RA3-6B2), APC anti-mouse 

CD3 (clone 17A2), BV421 anti-mouse I-A/I-E (clone M5/114.15.2), PE anti-mouse CCR3 

(clone J073E5) and PE-Cy7 anti-mouse/human CD11b (clone M1/70)), anti-CD3ε 
(1μg/mL, clone 145-2C11, for 4h. PE-Cy7 anti-mouse IL-13 (clone eBio13A, eBioscience), 

AlexaFluor647 anti-mouse IFNγ (clone XMG1.2, BV650 anti-mouse IL-17A (clone 

TC11-18H10.1, BD Biosciences), and BV421 anti-mouse CD4 (clone GK1.5,). Unless 

indicated, all labeled antibodies were from Biolegend. All flow experiments utilized a BD 

Fortessa X-20 and FlowJo software for analysis, with a BD Aria II for sorting.

NP-KLH immunization

10μg NP31-KLH (Biosearch Technologies) in 4mg alum (Imject, Sigma) was injected i.p. or 

into footpads as previously described10,11. At indicated days mice serum was collected and 

NP-specific ELISAs10 were done. Alternatively, flow cytometry was performed on cells 

from popliteal lymph nodes. GC B cells and TFH were detected by flow cytometry.

HDM and Alternaria alternata models

Mice were immunized with HDM extract (Stallergenes Greer, Lenoir, NC) as previously 

described18. After last i.n. administration, mice were subjected to forced oscillations using 

the Flexivent apparatus (Scireq Inc., Montreal, Canada) with increasing doses of 

methacholine. Bronchoalveolar lavage fluid (BALF) was collected, and stained cell types 

determined by flow cytometry33. Lung lobes were snap frozen in liquid N2 for RNA 

isolation or fixed in 10% formalin for hematoxylin and eosin staining. Serum was collected 

for total IgG1 and IgE and HDM-specific IgG1 ELISAs34. 50μg Alternaria alternata extract 

was as previously described15,16. 24h after the last administration, BALF was collected and 

analyzed by flow cytometry. Single cell suspension from medLNs were re-stimulated with 
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plate bound anti-CD3ε and monensin (Biolegend) for 4h and then examined for IL-13, IFNγ 
and IL-17 intracellular expression. Serum IgG1, IgE, and IgG2b were measured by ELISA.

qPCR

RNA was isolated using TRIzol Reagent (LifeTech) according to manufacturer’s 

instructions. RNA was reverse transcribed into cDNA using SuperScript IV and oligo dTs 

(LifeTech). Taqman probes and gene expression master mix (Applied Biotech) or primers 

(LifeTech) and PowerUp SYBR green master mix (LifeTech) were used with a 

QuantStudio3 system (LifeTech) (Supplemental Table 1)

Active systemic anaphylaxis (ASA)

Mice were immunized with 100μg ovalbumin (OVA), 10μg pertussis toxin, and 10mg Alum 

in saline35. At day 21, serum total and OVA-specific IgG1 and IgE were determined. 

Anaphylaxis induced by ip injecting 500μg OVA and analyzed by rectal temperature 

measurement. OVA-specific IgE was measured by coating Immunolon 4HBX plates 

(Thermo Scientific) with rat anti-mouse IgE (clone R1E4). After adding samples and 

blocking, OVA labeled with the DNP-X-Biocytin SE Kit (Thermo Fisher) was added, 

followed by detection with Streptavidin-AP. Passive systemic anaphylaxis was conducted by 

i.v. injecting 20μg anti-DNP IgE, 24h later i.p. injecting 500μg DNP-BSA, and measuring 

rectal temperatures36.

Antigen presentation

For in vivo antigen presentation, 5×106 labeled CD4+ OT-II T cells were i.v. injected into 

mice. After 24h 25μg OVA and 10μg HDM extract were administered i.n. to mice. 72h later 

medLN were analyzed by flow cytometry. For IL-4/IL-13 detection, CD4+ T cells isolated 

from 4C13R-OT-II mice and labeled with carboxyfluorescein succinimidyl ester (CFSE, 

Biolegend) were used. IL-4 and IL-13 expression was determined by CD4+ T expression of 

AmCyan and DsRed.

BMDC Cultures

Bone marrow cells were cultured at 2×106 cell/mL with 160ng/mL Flt3L (Peprotech) for 6–

8 days. After culture, cells were Fc blocked with anti-mouse CD16/32 (clone 93, Biolegend) 

and stained for sorting. CD11c+ MHCII+ CD24− CD172+ BMDCs were sorted on a FACS 

Aria II.

Statistical Analyses

All statistical analyses were performed using Prism6 (GraphPad Software Inc., La Jolla, 

CA). Statistical significance was assessed by two-tailed, unpaired Student’s t test (two 

groups), Mann-Whitney test, or one-way ANOVA for multiple groups with a Tukey’s post 

hoc test. Unless otherwise indicated differences are not significant. ****p<0.0001, *** 

p<0.001, ** p<0.01, * p<0.05. Samples that were below the limits of detection were 

assigned a value that represented the lower limit of detection.

Damle et al. Page 9

Allergy. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ADAM10DC−/− mice have reduced high affinity IgG1 and recall responses. Mice were 

immunized with NP31-KLH in alum and bled on indicated days. NP4-BSA and NP25-BSA 

coated ELISAs were used to measure high affinity (A) and total affinity (B) NP-specific 

IgG1 in serum. Total IgG1 was measured in the serum (C). D. Total IgE was measured in the 

serum 7 days after boost NP-KLH injection. High (E.) and total (F.) affinity NP-specific 

IgG2a were measured in serum. G. Total IgG2a was measured in serum. Data are combined 

from two independent experiments with n = 6 mice per group. GC B cells (B220+ CD95+ 

GL7+) and TFH cells (CD4+ PD-1+ CXCR5+) were analyzed by flow cytometry on day 14 

(H and I) draining popliteal LNs from NP-KLH footpad injections. Data are presented as 

mean ± SEM. *p<0.05 unpaired Student’s t test.
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Figure 2. 
ADAM10DC−/− mice have diminished TH2 responses to HDM. ADAM10DC−/− and WT 

mice were subjected to HDM or saline sensitization and challenge. A. Airway 

hyperresponsivness was assessed by nebulizing increasing doses of methacholine and 

measuring resistance. B. Bronchoalveolar lavage fluid (BALF) was harvested and analyzed 

by flow cytometry. C. and D. Il4 and Il13 mRNA expression was measured in lung tissue 

relative to Gapdh. E. Formalin fixed lung sections were stained with H&E. F. – H. HDM-

specific IgG1, total IgG1, and total IgE were measured in serum by ELISA. Symbols 

represent individual mice. Data are combined from three independent experiments with n = 

10 per HDM group and n = 3 per saline group. Data are presented as mean ± SEM. 
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****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ANOVA with Tukey’s post hoc test (A, B), 

unpaired Student’s t test (C, D, F, G), and Mann-Whitney test (H).
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Figure 3. 
ADAM10DC−/− mice are resistant to active systemic anaphylaxis. WT and ADAM10DC−/− 

mice were immunized for the ASA protocol and then challenged with OVA on day 25 after 

immunization. A. After challenge, core body temperature was measured. B. – E. Mice were 

bled on day 21 after immunization. OVA-specific and total IgG1 and IgE were measured in 

the serum by ELISA. F. Mice were subjected to passive systemic anaphylaxis. IgE anti-DNP 

was injected i.p. into mice and then 24h later mice were challenged i.p. with DNP-BSA and 

core body temperature measured. Data are from three independent experiments with n = 11 

mice per group. Data are presented as mean ± SEM. **p<0.01, *p<0.05, unpaired Student’s 

t test.
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Figure 4. 
ADAM10DC−/− mice have impaired TH2, but intact TH17 responses. WT and 

ADAM10DC−/− mice were sensitized and challenged with intranasal administration of A. 

alternata extract. A. and B. BALF eosinophils and neutrophils were analyzed by flow 

cytometry. C. Total medLN cells were stimulated with plate bound anti-CD3ε for 4h with 

monensin. Intracellular cytokine expression in CD4+ T cells was assessed by flow 

cytometry. Representative contour plots and combined results are shown. D. – F. Total IgG1, 

IgE, and IgG2b were measured in the serum by ELISA. Data shown is from two 

independent experiments with n = 5 mice per group. Data are presented as mean ± SEM. 

**p<0.01, *p<0.05, unpaired Student’s t test.
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Figure 5. 
Notch signaling is critical for anaphylaxis responses. Notch2DC−/− (A), Notch1DC−/− (D), 

and ADAM10DC−/− N1-ICD+ (G) mice were subjected to the active systemic anaphylaxis 

protocol and core body temperature was measured after challenged with OVA. OVA-specific 

and total IgE were measured in the serum of Notch2DC−/− (B, C), Notch1DC−/− (E, F), and 

ADAM10DC−/− N1-ICD+ (H, I) mice on day 21 after immunization. J. WT, ADAM10DC−/−, 

and ADAM10DC−/− N1-ICD+ mice were examined in the HDM model of allergic airway 

inflammation. K. Total serum IgE after HDM protocol. Data are from two independent 

experiments with n = 6 – 9 mice per group. Data are presented as mean ± SEM. *p<0.05, 

unpaired Student’s t test.
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Figure 6. 
ADAM10-deficient DCs stimulate fewer TH2 cells. A. In vivo antigen presentation assay 

with violet tracer labeled CD4+ OT-II T cells i.v. injected into WT (upper panel) and 

ADAM10DC−/− (lower panel) mice followed by OVA/HDM. Combined data from three 

independent experiments with n = 9 mice per group. B. OX40L expression on CD172+ DCs 

(cDC2s) in medLN was examined by flow cytometry and shown as percent OX40L+. C. and 

D. Labeled CD4+ 4C13RTg OT-II T cells were used as in (A) CFSE+ CD4+ IL-13+ cells 

were assessed by flow cytometry. Data are from two independent experiments with n = 6 

mice per group. Data are presented as mean ± SEM. *p<0.05, unpaired Student’s t test. E.–

G. CD172+ BMDCs were sorted from WT, ADAM10DC−/−, and ADAM10DC−/− N1-ICD+ 

mice. mRNA expression of Il12, Klf4, and Il6 relative to Gapdh was measured. Data shown 

is from three independent experiments with n = 5 mice per group. Data are presented as 

mean ± SEM. H. WT and ADAM10DC−/− CD172+ BMDCs were examined by western blot 

for cleaved Notch1 and β-actin. Data shown is representative of two experiment with n = 5 

mice per group. **p<0.01, *p<0.05, ANOVA with Tukey’s post hoc test.
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