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Abstract

The very low density lipoprotein receptor (VLDLR) is a member of the low density lipoprotein

receptor family that binds multiple ligands and plays a key role in brain development. Although

the VLDLR mediates pleiotropic biological processes, only a limited amount of information is

available regarding its role in adaptive immunity. Here, we identify an important role for the

VLDLR in attenuating house dust mite (HDM)-induced airway inflammation in experimental

murine asthma. We show that HDM-challenged Vldlr−/− mice have augmented eosinophilic and

lymphocytic airway inflammation with increases in Th2 cytokines, C-C chemokines, IgE

production and mucous cell metaplasia. A genome-wide analysis of the lung transcriptome

identified that mRNA levels of CD209e (DC-SIGNR4), a murine homologue of DC-SIGN, were

increased in the lungs of HDM-challenged Vldlr−/− mice, which suggested that the VLDLR might

modify dendritic cell (DC) function. Consistent with this, VLDLR expression by human

monocyte-derived DCs was increased by HDM stimulation. In addition, 55% of peripheral blood

CD11c+ DCs from individuals with allergy expressed VLDLR under basal conditions. Lastly, the

adoptive transfer of HDM-pulsed, CD11c+ bone marrow-derived DCs (BMDCs) from Vldlr−/−

mice to the airways of wild type (WT) recipient mice induced augmented eosinophilic and

lymphocytic airway inflammation upon HDM challenge with increases in Th2 cytokines, C-C

chemokines, IgE production and mucous cell metaplasia, as compared to the adoptive transfer of

HDM-pulsed, CD11c+ BMDCs from WT mice. Collectively, these results identify a novel role for
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the VLDLR as a negative regulator of DC-mediated adaptive immune responses in HDM-induced

allergic airway inflammation.

Introduction

The low density lipoprotein (LDL) receptor plays a key role in lipid metabolism by

facilitating the transport of cholesterol into cells via receptor-mediated endocytosis (1). The

LDL receptor is also expressed by ciliated airway epithelial cells in the lung where it

negatively regulates house dust mite (HDM)-induced airway hyperresponsiveness (AHR)

and mucous cell metaplasia in experimental murine asthma by binding to apolipoprotein E,

which is expressed by alveolar macrophages (2). Apolipoprotein E can bind to all seven

members of the LDL receptor family, including the widely expressed very low density

lipoprotein receptor (VLDLR)(3). The structure of the VLDLR is characterized by an

extracellular domain comprised of eight cysteine-rich ligand-binding repeats, an epidermal

growth factor domain, an O-linked glycosylated domain, a transmembrane domain and an

intracytoplasmic domain that contains a NPxY motif (4, 5). Similar to the LDL receptor, the

VLDLR binds and internalizes triglyceride-rich lipoproteins that are enriched for

apolipoprotein E, as well as those that have been catabolized by lipoprotein lipase (6).

The VLDLR is a multi-ligand receptor that mediates pleiotropic biological processes. The

VLDLR, together with the apolipoprotein receptor 2 (APOER2), function as a heterodimeric

receptor for the oligomeric form of reelin, which is a large extracellular matrix protein that

is expressed in the embryonal brain and regulates central nervous system development by

directing neuronal migration (3, 4, 7). Both the VLDLR and the APOER2 are required to

bind oligomeric reelin in the brain (4, 7–9). This activates cellular signaling pathways via

the cytoplasmic adaptor protein, disabled-1, which binds to the NPxY motif in the

intracytoplasmic domains of VLDLR and APOER2. Consistent with its important role in

neural development, mutations in the VLDLR gene have been associated with severe central

nervous system developmental disorders in humans, such as cerebellar hypoplasia,

quadrapedal locomotion, and disequilibrium syndrome (10, 11). Mice with targeted

deletions of the Vldlr gene similarly have defects in neuronal migration (9).

In contrast to its central role in neuronal development, only a limited amount of information

is available regarding the involvement of the VLDLR in inflammatory or immune responses.

Signaling of apolipoprotein E via the VLDLR in macrophages has been reported to promote

differentiation to a M2 phenotype characterized by the production of IL-13 and IL-1RA(12).

This could be relevant for asthma pathogenesis as IL-13 is a canonical Th2 cytokine that

plays an important role in mediating eosinophilic airway inflammation, mucous cell

metaplasia, airway fibrosis and AHR(13). Binding of reelin to VLDLR on macrophages also

induced expression of the Pla2g7 gene and promoted production of platelet-activating factor

acetylhydrolase (PAFAH), which increased PAFAH secretion into mother’s milk and

suppressed systemic inflammation in nursing newborns (14). PAFAH catalyzes the

degradation of platelet-activating factor and variants in the Plag2g7 gene have been

associated with an increased risk of asthma and allergy (15). Endothelial cell VLDLR has

also been identified as a fibrin receptor that promotes inflammation by facilitating the fibrin-
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dependent transmigration of leukocytes during vascular injury (16). This too may be

relevant for asthma pathogenesis as fibrin deposition has been reported along the luminal

surface of distal airways in an asthmatic patient and in a murine model of allergic airway

inflammation (17).

Since the VLDLR is structurally similar to the LDLR we hypothesized that it might also

regulate the pathogenesis of HDM-induced asthma (2, 5). Here, we show that Vldlr−/− mice

when challenged with HDM, display a phenotype of augmented eosinophilic and

lymphocytic airway inflammation with increases in Th2 cytokines, C-C chemokines, IgE

production and mucous cell metaplasia. Furthermore, we utilized adoptive transfer

experiments to demonstrate that HDM-pulsed CD11c+ dendritic cells from Vldlr−/− mice

have an enhanced ability to induce airway inflammation in recipient mice upon subsequent

HDM challenge. These results show that the VLDLR functions as a negative regulator of

HDM-induced airway inflammation by attenuating dendritic cell-mediated adaptive immune

responses.

Methods

Murine Models of HDM-induced Airway Disease

Vldlr−/− mice and wild type (WT) B6129SF2/J mice were obtained from Jackson

Laboratories (Bar Harbor, Maine). Two models of HDM-induced airway disease were

utilized. In the first model, 6-to-8 week old Vldlr−/− and WT mice received daily intranasal

challenges of 25 μg of HDM (Dermatophagoides pteronyssinus extract, Greer Laboratories,

Lenoir, NC) or saline, both in a volume of 10 μl, five days a week for six weeks and end-

points were analyzed on day 43. Each mg of HDM protein, which had not been de-fatted,

contained ≤ 50 units of LPS so that ≤ 125 pg of LPS was administered with each dose (18).

In the second model, 0.5 × 105 CD11c+ bone marrow-derived dendritic cells (BMDCs) from

Vldlr−/− and WT mice that had been pulsed with HDM (100 μg/ml) or sham-pulsed with

PBS were adoptively transferred in 20 ul of PBS via intranasal administration on day 0 to

recipient WT mice (19). All recipient mice received daily intranasal HDM challenges (25

μg) on days 11 through 14 and endpoints were analyzed on day 15. Experimental protocols

were approved by the Animal Care and Use Committee of the National Heart, Lung and

Blood Institute.

Bronchoalveolar Lavage Fluid Cells

Bronchoalveolar lavage was performed three times with 0.5 ml PBS and red blood cells

were lysed with ACK buffer for 2 min at 4°C, as previously described (2, 20). BALF cells

were re-suspended in 0.3 ml RPMI-1640 containing 10% FBS and cell counts were

performed using a hemocytometer, while differential cell counts were performed on Diff-

Quik-stained cytospin slides (Siemens, Deerfield, Illinois).

Lung Histopathology

Lungs were inflated with 10% formalin to a pressure of 25 cm H20, fixed in 10% formalin

for 24 h, dehydrated through gradient ethanol, and embedded in paraffin. Sagittal sections

were then cut at a thickness of 5 μm and stained with hematoxylin and eosin and periodic
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acid Schiff (PAS). Quantification of mucous cell metaplasia was performed as previously

described (2). All the airways present (large (conducting), medium (central), and small

(distal)) within a representative lung section were inspected. The number of airways that

contained PAS-positive cells were counted and mucous cell metaplasia is reported as the

percentage of airways that contained PAS-positive cells. The number of airways inspected in

each animal is also presented.

Plasma IgE

Levels of plasma IgE were quantified using an ELISA kit from BD Biosciences Pharmingen

(San Diego, CA) with a detection limit of 1.6 ng/ml for IgE.

mRNA Analysis

Quantitative real time-polymerase chain reaction (qRT-PCR) was performed as previously

described (21). Lungs were minced into 1 mm pieces and stored in RNAlater (Ambion,

Austin, TX) at −80°C prior to isolation of total RNA using a lipid tissue kit (Qiagen Inc,

Valencia, CA). On-column DNase treatment was performed using RNase-Free DNase from

Qiagen prior to reverse transcription utilizing random hexamer primers and High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). PCR was

performed on 1 μg of cDNA utilizing the TaqMan Universal PCR Master Mix and the

following FAM dye-labeled Taqman® MGB probes; IL-4: Mm00445259_m1, IL-13:

Mm00434204_m1, IL-17a: Mm00439618_m1, CCL7: Mm00443113_m1, CCL11:

Mm00441238_m1, CCL17: Mm00516136_m1, CCL24: Mm00444701_m1 and 18S:

Hs99999901_s1. Samples were amplified utilizing the 7500 Real Time PCR System running

Sequence Detector version 2.1 software (ABI systems, Foster City, CA) and gene expression

was quantified relative to the expression of 18S mRNA using the control sample as a

calibrator to calculate the difference in Ct values (ΔΔCt). Results are presented as relative

mRNA expression.

HDM Re-stimulation of Mediastinal Lymph Node Cultures and Measurement of Th2 and
Th17 Cytokines

Single cell suspensions of mediastinal lymph nodes (MLN) from HDM-challenged mice

were prepared by passing disrupted lymph nodes through a 100 μm strainer, as previously

described (21). Following lysis of red blood cells using ACK buffer, MLN cells were

suspended in RPMI 1640 medium containing 10% fetal calf serum, penicillin (50 units/ml),

streptomycin (50 μg/ml), and L-glutamine (2 mM) and 4 × 106 cells per well were cultured

in 96-well plates with “U”-shaped bottoms. MLN cells were stimulated with HDM (100

μg/ml) or PBS for 96 hours prior to collection. Cytokine production was analyzed by

sandwich ELISAs with limits of sensitivity of 15.6 pg/ml for IL-4, IL-6 and IL-17A, 31.25

pg/ml for IL-5 and TGF-β1, and 62.5 pg/ml for IL-13 (R & D Systems, Minneapolis, MN).

Microarray Hybridization and Data Analysis of the Lung Transcriptome

Biotin-labeled sense targets were prepared from samples of total lung RNA using the

Affymetrix Whole-Transcript (WT) Sense Target Labeling Protocol without rRNA

reduction. Double-stranded cDNA templates were synthesized from 50 ng of total RNA
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using random hexamers coupled with a T7 promoter sequence and amplified by in vitro

transcription (IVT) with T7 RNA polymerase to produce multiple copies of cRNAs.

Random hexamers were utilized to prepare sense strand cDNA. 10 μg of sense strand cDNA

was fragmented, labeled with biotin using terminal deoxynucleotidyl transferase, hybridized

to Affymetrix Mouse Gene 1.0 ST microarrays at 45°C overnight, followed by washing and

staining using a FS450 fluidics station (Affymetrix, Santa Clara, CA). Scanning was

performed using the 7G GCS3000 scanner and gene-level intensity values for each of the

chips were collected using Affymetrix Expression Console (EC) Software (Affymetrix,

Santa Clara, CA). Raw data pre-processing that included global background correction,

quantile normalization and median polish summarization, was performed using the RMA-

sketch workflow. Principal component analysis was performed for detecting outliers across

all chips. The comparison between HDM-challenged Vldlr−/− and wild type groups were

assessed using a one-way ANOVA implemented in the MSCL Analyst’s Toolbox (http://

abs.cit.nih.gov/MSCLtoolbox/) and JMP statistical software package (SAS, Inc, http://

www.jmp.com). Differentially expressed genes were selected using the following filters;

fold change greater than two and P value less than 0.001 (20%FDR). The data discussed in

this publication have been deposited in NCBI’s Gene Expression Omnibus and are

accessible through GEO Series accession number GSE55247 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55247)(22).

Generation and Characterization of Murine Bone Marrow-derived Dendritic Cells (BMDCs)
and Human Monocyte-derived Dendritic Cells (moDCs)

Bone marrow cells that had been isolated from WT and Vldlr−/− mice were cultured at a

density of 2 × 106 cells/ml in RPMI 1640 medium (Gibco/Life Technologies, Carlsbad, CA)

supplemented with 10% heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 μg/

ml), L-glutamine (2 mM), 2-mercaptoethanol (50 μM), and recombinant mouse GM-CSF

(20 ng/ml) (BioLegend, San Diego, CA)(23). An equal volume of medium was added on

day 3 and 50% of the medium was replaced on day 6. On day 8, floating cells were collected

and viable CD11c+ bone marrow-derived dendritic cells (BMDCs) were sorted by flow

cytometry and stimulated with HDM (100 μg/ml) or PBS for 16 h. CD11c+ BMDCs were

then utilized for adoptive transfer experiments or analyzed for cell surface marker

expression. BMDCs were washed in PBS containing 1 mM EDTA and 10% mouse serum

(Jackson ImmunoResearch, Inc., West Grove, PA) and reacted with 5 μg/ml of anti-mouse

CD11c-APC-Cy7, CD80-PE-Cy5, CD86-eFluor 605 NC, or CD209-eFluor 660

(eBiosciences, San Diego, CA), followed by two additional washes. Data were acquired on a

LSRII (BD Biosciences, USA) equipped with 407, 488, 532, and 633 LASER lines using

DIVA 6.1.2 software and analyzed with the Flow Jo software version 9.6.1 (Treestar, San

Carlos, CA). Cellular debris was excluded using a forward light scatter/side scatter plot.

Elutriated human monocytes that were provided under an IRB-approved protocol by the

NIH Department of Transfusion Medicine, Clinical Center, were cultured in 10 cm petri

dishes (BD Biosciences, San Jose, CA) in RPMI 1640 containing 10% FBS, L-glutamine (2

mM), penicillin (100 U/ml), and streptomycin (100 μg/ml) (Gibco/Life Technologies),

which had been supplemented with human recombinant GM-CSF (150 ng/ml) and IL-4 (25

ng/ml) (BioLegend, San Diego, CA). On day 7, cells were stimulated with HDM (100
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μg/ml) for 16 hours. Human monocyte-derived dendritic cells (moDCs) were then reacted

with 5 μg/ml of anti-human CD 11c- Brilliant Violet 711, anti-human CD14-Alexa Fluor

488, anti-human HLA-DR-PerCP/Cy5.5 (Biolegend, San Diego, CA) and rabbit anti-

VLDLR-PE-Cy5.5 (Bioss, Inc., MA). Flow cytometry was performed as described above.

Characterization of Peripheral Blood Dendritic Cells from Human Subjects

Informed consent was obtained from 23 volunteers, as per protocol 99-H-0076, which was

approved by the Institutional Review Board of the National Heart, Lung, and Blood

Institute. Allergy skin testing was performed using a Multi-Test II® applicator (Lincoln

Diagnostics, Decatur, IL) with glycerin as a negative control and histamine as a positive

control (Holister-Stier, Spokane, WA). Allergy was defined by the presence of skin test

reactivity to at least one of six common aeroallergens, which included house dust mite

(Dermatophagoides farinae), cockroaches (P. Americana and B. germanica), cat hair,

Aspergillus fumigatus, Ragweed (Giant and Short) and grasses (Kentucky Bluegrass,

Orchard, Redtop, Timothy, Sweet Vernalgrass, Meadow Fescue and Perennial Ryegrass).

Individuals without allergy were defined by the absence of a history of allergy and negative

skin tests to the six common aeroallergens. Peripheral blood was collected in 10 ml sodium

heparinized vacutainers (Becton Dickinson, Franklin Lakes, NJ) and red blood cells were

lysed using ACK lysing buffer. Peripheral blood cells were then reacted with anti-human

CD11c-APC-Cy7 (clone Bu15), anti-human CD14-Alexa Fluor 488 (clone HCD14), anti-

human HLA-DR-PE (clone L243), anti-human CD209-APC (clone 9E9A8), all from

Biolegend (San Diego, CA), and rabbit anti-VLDLR-PE-Cy5.5 from Bioss (Woburn, MA)

in the presence of 1% normal mouse serum for 45 min in the dark at room temperature.

Samples were washed and stained with a fixable live/dead stain (Fixable Viability Dye

eFlour® 450, eBioscience, San Diego, CA) for 5 min at room temperature, followed by

additional washes and fixation with 1% paraformaldehyde. Data were acquired on a LSRII

flow cytometer (BD Biosciences, USA) equipped with 407, 488, 532, and 633 LASER lines

using DIVA 6.1.2 software and analyzed with the Flow Jo software version 9.6.4 (Treestar,

San Carlos, CA). Cellular debris was excluded using a forward light scatter/side scatter plot.

Cell surface expression of VLDLR and CD209 were analyzed on viable CD11c+/CD14−/

HLA-DR+ cells. Positive staining for VLDLR was determined using florescence minus one

(FMO) for the VLDLR antibody as the control for samples from each individual.

Characterization of VLDLR Expression by Dendritic Cell Subsets in the Lungs and
Mediastinal Lymph Nodes of Wild Type Mice

Lung and MLN cells were isolated from saline- and HDM-challenged WT mice by

enzymatic digestion with liberase (100 ug/ml) (Roche, Indianapolis, IN) and DNase I (0.2

mg/ml)(Sigma-Aldrich, St. Louis, MO) while agitated at 37° C for 25 min. Single cell

suspensions were reacted with the following anti-mouse antibodies in the presence of 1%

mouse serum for 30 min at RT in the dark; CD11c-APC-780, MHC-II-PE-CY7, Mar-1-

eFluor® 450, CD103-APC, and PDCA-1-Alexa Fluor® 488, all from eBiosciences (San

Diego, CA), as well as CD11b-Brilliant Violet 605 and CD64-PerCP-Cy5.5, both from

Biolegend (San Diego, CA). The anti-rat VLDLR antibody (6A6, Santa Cruz

Biotechnology, Santa Cruz, CA) that recognizes mouse VLDLR was conjugated with PE

using a Zenon® labeling kit (Invitrogen, Carlsbad, CA). Following two washes, data was
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acquired on a LSRII (BD Biosciences, USA) flow cytometer equipped with 407, 488, 532,

and 633 LASER lines using DIVA 6.1.2 software and analyzed with Flow Jo software

version 9.6.4 (Treestar, San Carlos, CA). Positive staining for VLDLR was again

determined using florescence minus one (FMO) for the VLDLR antibody as the control.

Statistics

Data were analyzed using GraphPad Prism version 5.0a and are presented as mean ± SEM.

A one-way ANOVA with Bonferroni’s multiple comparison test or a Student’s t test for

comparison of two groups were used for the analyses. A P value < 0.05 was considered

significant.

Results

House dust mite-induced Airway Inflammation and Mucous Cell Metaplasia are Augmented
in Vldlr−/− mice

Multiple nasal HDM challenges were administered, 5 days per week for 6 weeks, to WT and

Vldlr−/− mice in order to assess whether the VLDLR modifies the pathogenesis of

experimental asthma (Figure 1A). As shown in Figure 1B, there was augmented airway

inflammation with significant increases in the total number of bronchoalveolar lavage fluid

(BALF) cells in HDM-challenged Vldlr−/− mice as compared to WT mice. Furthermore, the

increase in BALF cells from HDM challenged Vldlr−/− mice represented eosinophils and

lymphocytes, whereas there were no differences in the numbers of alveolar macrophages or

neutrophils (Figure 1C). Similarly, lung histology revealed an increase in peri-bronchial

inflammatory cell infiltrates in HDM-challenged Vldlr−/− mice as compared to WT mice

(Figure 2A). HDM-challenged Vldlr−/− mice also had a significant increase in mucous cell

metaplasia as compared to HDM-challenged WT mice (Figure 2A and B). Lastly, neither the

WT B6129SF2/J mice nor the Vldlr−/− mice developed AHR to nebulized methacholine (not

shown), which likely is a result of the genetic background of this mouse strain.

Production of IgE, Th2 Cytokines and C-C Chemokines are Increased in House Dust Mite-
challenged Vldlr−/− mice

Additional experiments were conducted to characterize further the effects of the VLDLR on

the manifestations of HDM-induced airway inflammation. First, plasma IgE levels were

markedly increased in HDM-challenged Vldlr−/− mice as compared to HDM-challenged

wild type mice (Figure 2C). Next, we assessed whether the increases in BALF eosinophils

and lymphocytes were associated with the increased expression of Th2 cytokines. As shown

in Figure 3A, mRNA levels of Th2 cytokines, IL-4 and IL-13, were significantly increased

in the lungs of HDM-challenged Vldlr−/− mice, whereas IL-17A mRNA levels were not

different as compared to HDM-challenged WT mice. The increase in lung Th2 cytokine

production by HDM-challenged Vldlr−/− mice was confirmed by ex vivo re-stimulation

experiments using mediastinal lymph node (MLN) cells from HDM-challenged mice. As

shown in Figure 3B, the secretion of the Th2 cytokines, IL-4, IL-5 and IL-13, by T cells

present in MLN cultures from HDM-challenged Vldlr−/− mice in response to HDM re-

stimulation were significantly increased as compared to those from WT mice. In contrast,

there was no difference in IL-17A secretion. This demonstrates that Th2 responses are
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augmented in HDM-challenged Vldlr−/− mice, whereas Th17 responses are not modified.

Similarly, lung mRNA levels of C-C chemokines, such as CCL7, CCL11 and CCL24, which

mediate eosinophil chemotaxis were significantly increased in the lungs of HDM-challenged

Vldlr−/− mice (Figure 4). Lung mRNA levels of the C-C chemokine, CCL17, which

facilitates the recruitment of Th2 cells, were likewise increased in HDM-challenged Vldlr−/−

mice.

Expression Profiling of the Lung Transcriptome Identifies Increased Expression of CD209e
(DC-SIGNR4) in HDM-challenged Vldlr−/− mice

A genome-wide analysis of the lung transcriptome was performed to investigate the

mechanism by which the enhanced Th2-mediated airway inflammation was mediated in

HDM-challenged Vldlr−/− mice. As shown in Figure 5A, the gene that had the highest level

of expression in the lungs of HDM-challenged Vldlr−/− mice as compared to HDM-

challenged wild type mice was CD209e (DC-SIGN-related protein 4, DC-SIGNR4), which

is a murine homologue of human CD209, also known as DC-SIGN. Other differentially

expressed genes are shown in Supplemental Figure 1. The increased expression of CD209e

mRNA in the lungs of HDM-challenged Vldlr−/− mice as compared to HDM-challenged WT

mice was confirmed by qRT-PCR (Figure 5B).

Since human DC-SIGN is primarily expressed by dendritic cells (DCs), we hypothesized the

VLDLR expression by DCs might attenuate Th2 responses during HDM-induced airway

inflammation (24, 25). To test this hypothesis, we first assessed whether the VLDR is

expressed by human DCs. To demonstrate this, flow cytometry was performed on human

monocyte-derived CD11c+/CD14−/HLA-DR+ dendritic cells (moDCs), which showed that a

subset of moDCs express VLDLR in response to HDM stimulation (Figure 5C – E). We

then investigated whether DCs present in peripheral blood samples from a cohort of

individuals with and without allergy express VLDLR. As shown in Figure 6A – B,

individuals with positive skin test reactivity to at least one of 6 common aeroallergens had

significantly higher serum IgE levels than those without allergy, whereas there was no

difference in the number of peripheral blood eosinophils between the two groups. There

were also no differences in the percentage of CD11c+/CD14−/HLA-DR+/VLDLR+ (54.5% ±

5.7% vs. 50.75% ± 5.3%) or CD11c+/CD14−/HLA-DR+/VLDLR+/CD209+ (10.5% ± 2.2%

vs. 8.9% ± 3.1%) peripheral blood DCs from allergic as compared to non-allergic

individuals (Figure 6D and 6E). Collectively, these results show that the VLDLR is

expressed on the surface of human peripheral blood DCs under basal conditions and that a

subset co-express CD209.

Next, we investigated which DC subtypes in the lung and MLNs of WT mice express the

VLDLR and whether VLDLR expression can be induced by HDM. As shown in Figure 7,

CD11b+ monocyte-derived DCs (moDCs) had the highest percentage of VLDLR+ cells in

the lungs of saline-challenged mice, whereas very few conventional myeloid CD11b+ DCs

(CD11b+ cDCs) and none of the CD11b− DCs, such as CD103+ DCs or plasmacytoid DCs

(pDCs), demonstrated VLDLR expression. Following multiple HDM challenges, the

percentage of VLDLR+ CD11b+ cDCs, CD103+ DCs and pDCs in the lung were increased.

Similarly, moDCs had the highest percentage of VLDLR+ cells in the MLNs of saline-
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challenged mice and there were significant increases in the percentage of VLDLR+ moDCs,

CD11b+ cDCs and pDCs following multiple HDM challenges. These data demonstrate that

moDCs have the highest percentage of VLDLR+ cells in the lungs and MLNs of WT mice

and that the number of DCs that express the VLDLR can be increased in response to HDM

challenge.

Adoptive Transfer of HDM-pulsed CD11c+ Bone Marrow-derived Dendritic Cells Augments
Airway Inflammation in HDM-challenged Recipient Mice

Next, adoptive transfer experiments of CD11c+ bone marrow-derived dendritic cells

(BMDCs) were performed to assess whether the increased HDM-induced airway

inflammation in Vldlr−/− mice reflected an enhanced ability of DCs to induce an adaptive

immune response to HDM. As shown in Figures 8A and 8B, the MFI of CD80 and CD209

expression was higher on HDM-pulsed, CD11c+/MHCII+ BMDCs from Vldlr−/− mice as

compared to BMDCs from WT mice, whereas the MFI of CD86 expression was not

modified. Adoptive transfer of HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donor mice to

recipient WT mice showed significant increases in the total number of BALF cells, which

reflected eosinophils, neutrophils, lymphocytes and alveolar macrophages, in response to

daily intranasal HDM challenges for 4 days as compared to recipient mice that received

HDM-pulsed, CD11c+ BMDCs from WT donor mice (Figures 8C and 8D). Similarly, mice

that received HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donor mice had increased peri-

bronchial inflammatory cell infiltrates and mucous cell metaplasia on lung histology (Figure

8E and 9A). In addition, mucous cell metaplasia was increased in HDM-challenged mice

that received PBS-pulsed CD11c+ BMDCs from Vldlr−/− donor mice as compared to

recipients of PBS-pulsed CD11c+ BMDCs from WT donor mice (Figures 8E and 9A).

Although lung histology also showed peribronchial inflammation in HDM-challenged mice

that received PBS-pulsed CD11c+ BMDCs from Vldlr−/− donor mice, there was no

difference in the number of BALF inflammatory cells when compared to recipients of PBS-

pulsed CD11c+ BMDCs from WT donor mice.

HDM re-stimulation of ex vivo cultures of MLN cells from mice that had received HDM-

pulsed, CD11c+ BMDCs from Vldlr−/− donors had significant increases in the production of

the Th2 cytokines, IL-4 and IL-5, as compared to recipients that received HDM-pulsed,

CD11c+ BMDCs from WT donors, whereas production of IL-13 and IL-17A were not

significantly increased (Figure 9B). Consistent with the absence of an effect of HDM-

pulsed, CD11c+ BMDCs from Vldlr−/− donor mice on Th17 immune responses, BALF

levels of TGF-β1 and IL-6, which are key cytokines that induce the differentiation of Th17

cells, were not different between recipients of HDM-pulsed, CD11c+ BMDCs from WT or

Vldlr−/− donors (Figure 9C & 9D) (26–28). Recipients of HDM-pulsed BMDCs from

Vldlr−/− donors also had significant increases in BALF levels of the C-C chemokines,

CCL17, CCL22 and CCL24 (Figure 9E–G), and plasma IgE (Figure 9H). Thus, the adoptive

transfer of HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donor mice significantly up-

regulated Th2-mediated airway inflammatory responses in WT recipient mice upon

subsequent HDM challenge as compared to those that received the adoptive transfer of

HDM-pulsed, CD11c+ BMDCs from WT donor mice.
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Discussion

The LDL receptor was the first member of the LDL receptor superfamily to be identified to

have a role in the pathogenesis of asthma (2). Here, we utilized Vldlr−/− mice to assess

whether the VLDL receptor, which is another member of the LDL receptor family, also

modulates HDM-induced airway disease (29). Although the VLDLR mediates the binding

and uptake of very low density lipoproteins, Vldlr−/− mice have normal plasma cholesterol,

triacylglycerol and lipoprotein levels despite normal or high-fat diets, which demonstrates

that the VLDLR is not required for the clearance of VLDL particles from plasma (29).

Vldlr−/− mice, however, have a modest decrease in adipose tissue mass and are protected

from obesity when fed a high-fat, high-calorie diet (29, 30). The VLDLR has recently been

shown to promote lipotoxicity and increase mortality related to acute myocardial infarction

by reducing ischemia-mediated stress responses in the endoplasmic reticulum of mouse

myocytes (31). The VLDLR also promotes atherosclerotic lesion development by

facilitating the accumulation of atherogenic lipoproteins in macrophages (32). Lastly, the

VLDLR attenuates signaling through the wnt pathway, which negatively regulates choroidal

neovascularization in age-related macular degeneration (33).

We now show that Vldlr−/− mice have a phenotype of augmented airway inflammation and

mucous cell metaplasia following sensitization and challenge to the airway by multiple

doses of HDM administered over 6 weeks. The amplified eosinophilic and lymphocytic

airway inflammation was associated with increases in Th2, but not Th17, responses, in the

lung and mediastinal lymph nodes, as well as an increase in plasma IgE production.

Similarly, there was increased expression of C-C chemokines, such as CCL7 (MCP-3),

CCL11 (eotaxin 1) and CCL24 (eotaxin 2) that mediate the recruitment of eosinophils via

CCR3, and CCL17 (TARC), which recruits T cells via CCR4(34, 35). The magnified airway

inflammatory responses were associated with significant increases in mucous cell

metaplasia. Collectively, these results demonstrate that the VLDL receptor functions to

attenuate HDM-induced airway inflammation and mucous cell metaplasia in asthma.

We next hypothesized that the increased airway inflammation in HDM-challenged Vldlr−/−

mice might be mediated at the level of the dendritic cell based upon a genome-wide analysis

of the lung transcriptome that demonstrated increased expression of CD209e (DC-SIGNR4),

which is one of eight murine homologues of human CD209 gene (36, 37). Furthermore,

CD209e expression is up-regulated in immunological cells recruited to the airways of

ovalbumin-challenged mice (38). CD209e shares 70% homology with human DC-SIGN

(Dendritic Cell-Specific Intracellular adhesion molecule (ICAM)-3-Grabbing Non-integrin),

which is a C-type lectin pattern recognition receptor that is primarily expressed by immature

dendritic cells (24, 25, 38). DC-SIGN mediates immune responses to a variety of pathogens,

such as viruses, bacteria, yeast and parasites, and was originally identified by its ability to

interact with HIV-1 at sites of infection. DC-SIGN has also been found to play a role in

immune responses to allergens, including house dust mite. For example, DC-SIGN binds

both Der p1 and Der p2, which are major HDM antigens, while Der p1, which is a cysteine

protease, cleaves DC-SIGN from human moDCs (39, 40),(41). Studies utilizing moDCs,

however, have found conflicting results regarding the role of DC-SIGN in HDM-mediated

immune responses. In one study, DC-SIGN activation of immature moDCs by HDM extract
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promoted Th2 cytokine production by co-cultured CD4+ T cells, which could be inhibited

by an anti-DC-SIGN antibody. This was seen in moDCs from allergic asthmatics, but not in

those from non-allergic control subjects. This suggests that DC-SIGN plays an important

role in allergen sensitization to HDM by mediating the internalization of HDM antigens,

which results in an enhanced ability of mature DCs to promote Th2 polarization of naïve

CD4+ T cells (42). Another study, however, showed that down-regulation of DC-SIGN

expression on immature human peripheral blood moDCs by RNA interference promoted a

Th2 phenotype in T cell co-culture experiments (39).

Previous studies have not addressed whether the VLDLR receptor is expressed by or

modifies adaptive immune responses mediated by DCs. Here, we show that a subset of

CD11c+/HLA-DR+ human monocyte-derived dendritic cells (moDCs) express the VLDLR

and that ex vivo stimulation with HDM increased the percentage of VLDLR+ moDCs. In

addition, we show that 54.5% of CD11c+/CD14−/HLA-DR+ and 10.5% of CD11c+/CD14−/

HLA-DR+/CD209+ peripheral blood DCs from human subjects with documented allergy

expressed the VLDLR under basal conditions. Next, we isolated lungs and MLNs from WT

mice to characterize VLDLR expression by subsets of CD11c+/MHCII+ DCs, which are key

antigen-presenting cells that are required for Th2-mediated airway inflammation in asthma

(43). CD11b+ DCs that express IRF4 (interferon regulatory factor 4) are effective at antigen

presentation via MHCII and promote helper T cell responses, whereas CD11b− DCs appear

to be specialized for the activation of cytotoxic T cells via MHCI(44). Furthermore, both

CD11b+ conventional DCs (cDCs) and monocyte-derived DCs (moDCs) are sufficient to

induce sensitization and Th2 immune responses to HDM, whereas moDCs also promote

allergic inflammation via the production of pro-inflammatory chemokines (45). Among

CD11b− DCs, contrasting results have been reported regarding the ability of CD103+ DCs to

induce allergic sensitization and Th2 immune responses to HDM (45–47), whereas

plasmacytoid DCs induce the differentiation of regulatory T cells (T regs) that suppress

antigen-specific T cell proliferation (47, 48). Here, we show that moDCs are the DC subset

with the highest percentage of VLDLR+ cells in mouse lung and MLNs and that the

percentage of DCs that express the VLDLR can be increased in response to HDM.

We next generated HDM-pulsed and sham-pulsed CD11c+ BMDCs from Vldlr−/− and WT

donor mice for adoptive transfer to WT recipient mice to confirm that VLDLR expression

modifies the ability of DCs to induce immune responses to HDM in the lung. Recipients of

HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donor mice demonstrated augmented airway

inflammation upon HDM challenge as compared to HDM-pulsed, CD11c+ BMDCs from

WT donor mice. In particular, there were significant increases in the number of BALF

eosinophils, lymphocytes, neutrophils and macrophages. Furthermore, the adoptive transfer

of HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donors induced significant increases in Th2

cytokine production by MLN cells following ex vivo re-stimulation with HDM, as well as

increases in plasma IgE levels and BALF levels of C-C chemokines, CCL17, CCL22 and

CCL24. Thus, the phenotype of HDM-challenged recipient mice that received the adoptive

transfer of HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donors displayed a similar

phenotype as Vldlr−/− mice that had been directly sensitized and challenged by multiple

intranasal exposures to HDM. Collectively, these results show that the adoptive transfer of
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HDM-pulsed, CD11c+ BMDCs from Vldlr−/− donors have an augmented ability to induce

Th2-type airway inflammation upon subsequent HDM challenge. While these data confirm a

regulatory role for VLDLR expression by DCs, our results do not exclude the possibility that

other VLDLR+ immune or structural cells may also contribute to this effect. Lastly, while

cell surface expression of CD209e was higher on HDM-pulsed, CD11c+ BMDCs from

Vldlr−/− donors, additional studies will be required to determine if CD209e mediates the

enhanced HDM-induced airway inflammation that was seen following the adoptive transfer

to recipient mice.

Although we have shown that the VLDLR attenuates the ability of DCs to mediate HDM-

induced Th2 immune responses, future studies will be required to identify the relevant

VLDLR ligands and downstream signaling pathways in DCs that mediate this effect. In the

brain, binding of reelin to its heterodimeric receptor, comprised of VLDLR and ApoER2,

induces the phosphorylation and recruitment of the intracellular adaptor protein, disabled-1

(Dab1), via Src family kinases (49, 50). Tyrosine-phosphorylated Dab1 then recruits

additional SH2-domain containing proteins, such as the p85 regulatory subunit of

phosphatidylinositide-3-kinase (PI3K), NCK adaptor protein 2 (Nck2, Nckβ), the Crk family

of adaptor proteins, and suppressor of cytokine signaling (SOCS). Lissencephaly 1 (Lis1)

can also be recruited by Dab1 via a SH2-domain-independent interaction. In addition to its

key role in mediating reelin signaling, the VLDLR has also been shown to bind a variety of

other ligands, including the 39-kDa receptor associated protein, thrombospondin, F-spondin,

coagulation factor VIII, lipoprotein lipase, urokinase plasminogen activator/plasminogen

activator inhibitor-1 complexes, and serpin proteinase/serpin complexes, including those

containing thrombin and tissue plasminogen activator (4, 51–57). Therefore, multiple

VLDLR ligands and signaling pathways exist that could potentially regulate DC-mediated

Th2 adaptive immune responses to HDM.

In summary, we have utilized a HDM model of experimental asthma to show that Vldlr−/−

mice display a phenotype of augmented allergic airway inflammation that is characterized

by significant increases in Th2 cytokines, C-C chemokines, IgE production and mucous cell

metaplasia. These results demonstrate that the VLDL receptor attenuates airway

inflammation in experimental HDM-induced asthma. Taken together with our prior finding

that the LDL receptor is a negative regulator of HDM-induced mucous cell metaplasia and

airway hyperresponsiveness, our data are consistent with the conclusion that LDL receptor

family members play an important role in limiting excessive HDM-induced airway disease

in experimental murine asthma models (2). Furthermore, we used adoptive transfer

experiments to show that the VLDLR reduces HDM-induced airway inflammation by a

dendritic cell-dependent mechanism. This identifies a novel role for the VLDL receptor in

limiting excessive HDM-induced airway inflammation by suppressing dendritic cell-

mediated adaptive immune responses manifested by the increased expression of Th2

cytokines, C-C chemokines, and IgE production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Eosinophilic and lymphocytic airway inflammation are augmented in house dust mite
(HDM)-challenged Vldlr−/− mice
A. HDM challenge model of experimental asthma. Vldlr−/− or wild type mice received daily

intranasal challenges of HDM (25 μg in 10 ul saline) or saline alone, 5 days per week, for 6

weeks. End-points were analyzed 72 hours after the last challenge. B and C. The number of

total bronchoalveolar (BALF) inflammatory cells (Panel B) and inflammatory cell types

(Panel C) are shown (n = 18 – 20 mice, *P < 0.0001, Vldlr −/− + HDM vs. WT + HDM).
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Figure 2. Mucous cell metaplasia and IgE production are augmented in house dust mite (HDM)-
challenged Vldlr−/− mice
A. Representative histologic sections of lungs from WT and Vldlr−/− mice that had been

challenged with HDM or saline were stained with hematoxylin and eosin (H & E) (x 200) or

periodic acid Schiff (x200 and x1000). B. Mucous cell metaplasia is presented as the

percentage of airways on lung histological sections that contained periodic acid–Schiff

positive cells (n = 10 mice, *P < 0.0001, Vldlr−/− + HDM vs. WT + HDM). 35.2 ± 1.7

airways were counted per mouse. C. Quantification of plasma IgE levels (n = 19 – 20 mice,

*P < 0.0001 Vldlr−/− + HDM vs. WT + HDM).
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Figure 3. Th2 cytokines are increased in the lungs and mediastinal lymph nodes from house dust
mite (HDM)-challenged Vldlr−/− mice
A. Quantification of lung mRNA levels by qRT-PCR for IL-4, IL-13 and IL-17A (n = 12

mice, *P < 0.0001, Vldlr−/− + HDM vs. WT + HDM). B. Ex vivo cultures of mediastinal

lymph node cells from HDM-challenged Vldlr−/− and wild-type mice were re-stimulated

with HDM (100 μg/ml) or PBS and the quantity of IL-4, IL-5, IL-13, and IL-17A secreted

into the medium was quantified by ELISA (n = 18 – 20 mice, P < 0.0001, Vldlr−/− + HDM

vs. WT + HDM).
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Figure 4. C-C chemokines are increased in the lungs of house dust mite (HDM)-challenged
Vldlr−/− mice
Quantification of lung mRNA levels by qRT-PCR for CCL7, CCL11, CCL17 and CCL24 (n

= 12 mice, *P < 0.01, Vldlr−/− + HDM vs. WT + HDM).
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Figure 5. Genome-wide expression profiling of the lung transcriptome identifies increased
expression of CD209e in house dust mite (HDM)-challenged Vldlr−/− mice
A. Volcano plot of log2 fold changes versus one-way ANOVA p-value (-log10 scale)

between expressions of mRNAs isolated from the lungs of HDM-challenged Vldlr−/− and

wild-type mice. Each dot represents one transcript. The cut-off for selecting differentially

expressed genes were Fold Change (log2) <−1 or >1 and P value < 0.001 (FDR20%). The

transcript of CD209e is indicated by an asterisk (*). B. Quantification of lung mRNA levels

by qRT-PCR for CD209e (n = 19 – 20 mice, *P < 0.001, Vldlr−/− + HDM vs. WT + HDM).

C and D. Representative flow cytometric analysis of human CD11c+/CD14−/HLA-DR+

bone marrow-derived dendritic cells that had been treated without (Panel C) or with (Panel

D) house dust mite (100 μg/ml) for cell surface expression of VLDLR. E. The percentage of

CD11c+/CD14−/MHCII+ human bone marrow-derived dendritic cells that express the

VLDLR in response to HDM was quantified by flow cytometry (n = 8 donors, P < 0.03).
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Figure 6. Characterization of cell surface VLDLR expression on peripheral blood dendritic cells
from human subjects
A and B. Serum IgE levels (A) and peripheral blood eosinophil counts (B) from subjects

without (n = 12) or with (n = 11) skin test reactivity to one of six common aeroallergens (* P

= 0.006). C. Representative flow cytometric analysis of CD11c+/CD14−/HLA-DR+ dendritic

cells from peripheral blood for cell surface expression of VLDLR and CD209. Cellular

debris and doublets were excluded using physical scatter properties of RBC-lysed whole

blood cells and dead cells were excluded using a fixable live dead exclusion dye. Expression

of VLDLR and CD209 were assessed on viable CD11c+/CD14−/HLA-DR+ dendritic cells.

D and E. The percentage of CD11c+/CD14−/HLA-DR+/VLDLR+ cells (Panel D) and

CD11c+/CD14−/HLA-DR+/VLDLR+/CD209+ dendritic cells (Panel E) present in peripheral

blood samples from subjects without or with allergy.
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Figure 7. Characterization of cell surface VLDLR expression by dendritic cell subsets in the
lungs and mediastinal lymph nodes of saline- and HDM-challenged wild type mice
A. The gating strategy utilized to analyze DC subsets present in the lung and mediastinal

lymph nodes (MLN) of saline- and HDM-challenged wild type mice is presented. Cellular

debris and doublets were excluded using physical scatter properties of the cells. Single

CD11c+/MHCIIhi/SSClo cells from lung and MLN homogenates were included as DCs,

whereas CD11c+/MHCIIint/SSChi alveolar macrophages were excluded from further

analysis. DCs were gated further into CD11b+ and CD11b− populations. For identification

of DC subsets, CD11b+/Mar-1+/CD64+ cells were classified as monocyte-derived DCs

(moDCs), CD11b+/Mar-1−/CD64− cells as conventional myeloid DCs (CD11b+ cDCs),

CD11b−/CD103b+ cells as CD103+ DCs and CD11b−/PDCA-1+ cells as plasmacytoid DCs
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(pDCs)(45). A representative flow cytometric analysis of dendritic cell subsets present in the

lung of a HDM-challenged wild type mouse is shown. B. The percentage of VLDLR+

CD11b+ conventional myeloid DCs (CD11b+ cDCs), monocyte-derived DCs (moDCs),

CD103+ DCs and plasmacytoid DCs (pDCs) in the lungs of saline- and HDM-challenged

wild type mice were quantified by flow cytometry (n = 9 – 10 mice, * P ≤ 0.0013, HDM-

challenged vs. saline-challenged). C. The percentage of VLDLR+ DC subsets in the MLNs

of saline- and HDM-challenged wild type mice was quantified by flow cytometry (n = 10

mice, *P ≤ 0.003, HDM-challenged vs. saline-challenged).
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Figure 8. The adoptive transfer of HDM-pulsed, CD11c+ bone marrow-derived dendritic cells
(BMDCs) from Vldlr−/− mice up-regulates HDM-induced airway inflammation
A. A representative flow cytometric analysis of HDM-pulsed CD11c+/MHCII+ bone

marrow-derived dendritic cells. Debris and doublets were excluded from the analysis using

physical scatter properties of cells and viable CD11c+ cells were selected from the

population of single cells using a fixable live dead exclusion dye. CD11c+/MHCII+ cells

were further analyzed for cell surface expression of CD80, CD86 and CD209 using

Fluorescence minus one (FMO) as a control. B. MFI of cell surface expression of CD80,

CD86 and CD209 by HDM-pulsed CD11c+/MHCII+ bone marrow-derived dendritic cells.

(n = 8 mice, * P < 0.05). Data are pooled from two independent experiments. C. Adoptive
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dendritic cell transfer model of HDM-induced airway inflammation. On Day 0, 0.5 × 105

CD11c+ BMDCs from Vldlr−/− or wild type (WT) mice that had been pulsed with HDM

(HDM-BMDC) or sham-pulsed with PBS (PBS-BMDC) were adoptively transferred to

recipient wild-type mice via intranasal administration. On days 11 through 14, all recipient

wild type mice were challenged with HDM (30 μg/mouse) and end-points were analyzed on

Day 15. D. The number of total bronchoalveolar (BALF) inflammatory cells and

inflammatory cell types are shown. Comparisons were made between recipient wild-type

mice that had received adoptive transfer of HDM-pulsed Vldlr−/− BMDCs (HDM-Vldlr−/−

BMDC) versus HDM-pulsed WT BMDCs (HDM-WT BMDC) (n = 5 – 9 mice, *P < 0.01).

E. Representative histologic sections of lungs from WT and Vldlr−/− mice that had been

challenged with HDM or saline were stained with hematoxylin and eosin (H & E) (x 200) or

periodic acid Schiff (x200 and x1000).
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Figure 9. The adoptive transfer of HDM-pulsed, CD11c+ bone marrow-derived dendritic cells
(BMDCs) from Vldlr−/− mice augments the HDM-induced expression of Th2 cytokines and C-C
chemokines
A. Mucous cell metaplasia is presented as the percentage of airways on lung histological

sections that contained periodic acid–Schiff positive cells. Comparisons were made between

HDM-challenged recipient wild-type mice that had received the adoptive transfer of HDM-

pulsed, CD11c+ BMDCs from Vldlr−/− versus WT donors (n = 5 – 7 mice, **P < 0.001,

HDM-Vldlr−/− BMDCs vs. HDM-WT BMDCs) and PBS-pulsed, CD11c+ BMDCs from

Vldlr−/− versus WT donors (n = 5 – 6 mice, *P < 0.01, PBS-Vldlr−/− BMDCs vs. PBS-WT

BMDCs). 13.9 ± 0.96 airways were counted per mouse. B. Ex vivo cultures of mediastinal

lymph node (MLN) cells from HDM-challenged recipient wild-type mice that had received

adoptive transfers of HDM-pulsed (HDM-BMDC) or sham PBS-pulsed (PBS-BMDC)

CD11c+ BMDCs from Vldlr−/− or wild type (WT) donors. Cultures were re-stimulated with

HDM (100 μg/ml) and the quantity of IL-4, IL-5, IL-13, and IL-17A secreted into the

medium was quantified by ELISA (n = 4 – 8 mice, *P < 0.05, HDM-Vldlr−/− DCs vs. HDM-

WT DCs). C – G. Quantification of protein levels of TGF-β1, IL-6, CCL17, CCL22 and

CCL24 in bronchoalveolar lavage fluid. (n = 4 – 9 mice, *P < 0.05, HDM-Vldlr−/− BMDCs
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vs. HDM-WT BMDCs). H. Quantification of plasma IgE levels (n = 4 – 7 mice, *P < 0.01,

HDM-Vldlr−/− BMDCs vs. HDM-WT BMDCs).
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