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receptor); Tregs (regulatory T cells); Foxp3 (Forkhead box protein 3); AF (Alexa Fluor); WT 47 
(wild-type)  48 
 49 
Key messages: 50 
 51 
• LRP-1 expression by circulating myeloid DC subsets from eosinophil-high asthmatics is 52 

reduced as compared to healthy, non-asthmatic subjects.  In addition, LRP-1 expression by 53 
human peripheral blood myeloid DC subsets is negatively correlated with peripheral blood 54 
eosinophil counts in asthmatics. 55 

 56 
• LRP-1 functions as a negative regulator of dendritic cell-mediated adaptive immune 57 

responses in house dust mite-induced eosinophilic airway inflammation in mice by 58 
modulating antigen uptake and presentation. 59 

 60 
 61 
 62 

  63 
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Abstract 64 

 65 

Background: The LDL-receptor related protein 1 (LRP-1) is a scavenger receptor that 66 

regulates adaptive immunity and inflammation.  LRP-1 is not known to modulate the 67 

pathogenesis of allergic asthma.  68 

 69 

Objective: To assess whether LRP-1 expression by dendritic cells (DCs) modulates adaptive 70 

immune responses in house dust mite (HDM)-induced airways disease.  71 

 72 

Methods:  LRP-1 expression on peripheral blood DCs was quantified by flow cytometry. The 73 

role of LRP-1 in modulating HDM-induced airways disease was assessed in mice with a 74 

deletion of LRP-1 in CD11c+ cells (Lrp1fl/fl; CD11c-Cre) and by the adoptive transfer of HDM-75 

pulsed CD11b+ DCs from Lrp1fl/fl; CD11c-Cre mice to wild-type mice.  76 

 77 

Results:  Human peripheral blood myeloid DC subsets from eosinophilic asthmatics have 78 

lower LRP-1 expression than cells from healthy, non-asthmatic subjects.  Similarly, LRP-1 79 

expression by CD11b+ lung DCs was significantly reduced in HDM-challenged wild-type mice.  80 

HDM-challenged LRP-1fl/fl; CD11c-Cre mice have a phenotype of increased eosinophilic airway 81 

inflammation, allergic sensitization, Th2 cytokine production, and mucous cell metaplasia.  The 82 

adoptive transfer of HDM-pulsed LRP-1-deficient CD11b+ DCs into wild-type mice generated a 83 

similar phenotype of enhanced eosinophilic inflammation and allergic sensitization. 84 

Furthermore, CD11b+ DCs in the lungs of Lrp1fl/fl; CD11c-Cre mice have an increased ability to 85 

take up HDM antigen, whereas bone marrow-derived DCs display enhanced antigen 86 

presentation capabilities. 87 

 88 

Conclusion:  This identifies a novel role for LRP-1 as a negative regulator of DC-mediated 89 

adaptive immune responses in HDM-induced eosinophilic airway inflammation.  Furthermore, 90 

the reduced LRP-1 expression by circulating myeloid DCs from eosinophilic asthmatics 91 

suggests a possible role for LRP-1 in modulating type 2-high asthma.  92 

 93 

  94 
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Introduction 95 
 96 

The low-density lipoprotein receptor-related protein-1 (LRP-1), is a ubiquitously 97 

expressed, multifunctional, scavenger-type endocytic receptor that binds a broad spectrum of 98 

more than 40 structurally unrelated ligands, including lipoproteins (e.g., apolipoprotein E-99 

containing chylomicrons and VLDL remnants), proteases (e.g., urokinase plasminogen 100 

activator (uPA) and tissue-type plasminogen activator (tPA)), protease-inhibitor complexes 101 

(i.e., uPA and tPA complexes with plasminogen activator inhibitor (PAI-1) and activated α-2-102 

macroglobulin), extracellular matrix proteins (e.g., thrombospondins-1 and -2), growth factors 103 

(i.e., platelet-derived growth factor and transforming growth factor-β), bacterial toxins (e.g., 104 

Pseudomonas exotoxin A), viruses (e.g., Rhinovirus), and amyloid β (Aβ) peptides 1-7.  LRP-1, 105 

is one of the largest members of the low-density lipoprotein (LDL)- receptor gene family that 106 

also includes the apolipoprotein E (ApoE) receptor 2, the very low-density lipoprotein (VLDL) 107 

receptor, and megalin.  LRP-1 is derived from a 600-kDa precursor protein to yield a 515 kDa 108 

α-chain and an 85 kDa β-chain that are associated in a non-covalent fashion on the cell 109 

surface.  Furthermore, LRP-1 is expressed by multiple cell types, including dendritic cells, 110 

macrophages, vascular endothelial cells, neurons, Schwann cells, hepatocytes, and 111 

fibroblasts6, 8.  This broad spectrum of cellular expression allows LRP-1 to participate in 112 

multiple cellular processes, such as tissue homeostasis, intracellular signaling, cell survival, 113 

trafficking, proliferation and (trans)-differentiation9-12. 114 

Besides its canonical role in endocytosis, LRP-1 also participates in the regulation of 115 

inflammation and adaptive immune responses13-15. For example, the macrophage-specific 116 

deletion of LRP-1 decreases VLDL uptake and thereby promotes atherogenesis in 117 

hypercholesterolemic mice by increasing matrix metalloproteinase 9 activity and the production 118 

of pro-inflammatory mediators, such as TNF-α and CCL2 (MCP-1)13.  Lrp1-/- mice display a 119 

phenotype of enhanced ligand-specific inflammatory responses that are regulated by NF-κB 120 

and miR-155 in macrophages7.  Furthermore, the mechanism by which LRP-1 suppresses NF-121 

κB signaling may involve the down-regulation of signaling by TNF receptor-116.  Consistent 122 

with an anti-inflammatory function in macrophages, LRP-1 has been demonstrated to promote 123 

a M2 phenotype17.  LRP-1 has also recently been shown to attenuate neuroinflammation and 124 
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microglial immune responses by suppressing signaling via c-Jun N-terminal kinase and NF-κB 125 

pathways18.  126 

LRP-1 modulates host defense and anti-tumor immune responses by facilitating antigen 127 

uptake and presentation.  For example, an important function of LRP-1 is the binding, 128 

internalization, and clearance of apoptotic cells via the formation of a multimeric protein 129 

complex comprised of the scaffolding protein, RAN-binding protein 9 (RANBP9), and the 130 

receptor tyrosine kinase, AXL19. This multimeric protein complex facilitates efferocytosis by 131 

dendritic cells (DCs) and the subsequent cross-presentation of viral antigens expressed by 132 

apoptotic cells to CD8+ T cells, which promotes host defense against viral infections.  Similarly, 133 

binding of bacterial or tumor cell-derived heat shock proteins to LRP-1, which is also known as 134 

CD91, facilitates the high efficiency uptake of exogenous antigenic peptides by antigen 135 

presenting cells for chaperone-based presentation that primes effector CD4+ and CD8+ T cells 136 

in the setting of infection or malignancy20-22. Interestingly, LRP-1 also modulates pro-137 

inflammatory cytokine production and the initiation of inflammatory responses in LPS-induced 138 

acute lung injury by a calreticulin axis that binds surfactant proteins, SP-A and SP-D, to 139 

activate downstream p38 and NF-κB signaling pathways23.  140 

Previously, we identified an endogenous apoE-LDL receptor pathway in the lung that 141 

regulates airway hyperreactivity and mucous cell metaplasia in house dust mite (HDM)-142 

induced allergic asthma24. Moreover, we demonstrated that the VLDL receptor on dendritic 143 

cells (DCs) acts as a negative regulator and thereby attenuates HDM-induced airway 144 

inflammation and adaptive immune responses25. Here, we hypothesized that another LDL 145 

receptor family member, LRP-1, might similarly regulate DC function and thereby modify 146 

adaptive immune responses to HDM, which is a common and clinically relevant aeroallergen. 147 

We show that the cell-specific deletion of LRP-1 on CD11c+ cells enhances HDM-induced 148 

allergic sensitization, adaptive Th2 immune responses, and eosinophilic airway inflammation 149 

via a mechanism that involves increased antigen uptake and presentation by DCs.  In addition, 150 

we demonstrate that circulating myeloid DC subsets from human subjects with eosinophilic 151 

asthma have decreased LRP-1 expression as compared to healthy, non-asthmatic subjects. 152 

We also show that LRP-1 expression by circulating myeloid DC subsets is negatively 153 

correlated with peripheral blood eosinophil counts in asthmatics, which suggests a possible 154 

role for LRP-1 in modulating adaptive immune responses in humans.  Therefore, we propose 155 
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that LRP-1 functions as a negative regulator of DC-mediated adaptive immune responses in 156 

HDM-induced allergic eosinophilic airway inflammation.  157 
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Methods 158 
 159 

Quantification of LRP-1 expression on Peripheral Blood DCs.  Informed consent was 160 

obtained from 38 subjects who participated in protocol 99-H-0076, which was approved by the 161 

Institutional Review Board of the National Heart, Lung, and Blood Institute (NHLBI).  All 162 

asthmatics had evidence of either a positive response to an inhaled β2-agonist or a positive 163 

methacholine bronchoprovocation challenge test, whereas all healthy, non-asthmatic subjects 164 

had a negative methacholine bronchoprovocation challenge test.  The presence or absence of 165 

allergy was determined by skin testing, which was performed either at NHLBI or by their local 166 

physician, or by patient history.  Allergy skin testing at NHLBI was performed using a Multi-167 

Test II applicator, which was a generous gift from Lincoln Diagnostics (Decatur, IL) with 168 

glycerin as a negative control and histamine as a positive control (Holister-Stier, Spokane, 169 

WA). Allergy was defined by the presence of skin test reactivity to at least one of six common 170 

aeroallergens, which included house dust mite (Dermatophagoides farinae), cockroaches 171 

(Periplaneta americana and Battella germanica), cat hair, Aspergillus fumigatus, Ragweed 172 

(giant and short) and grasses (Kentucky Bluegrass, Orchard Redtop, Timothy Sweet Vernal 173 

grass, Meadow Fescue, and Perennial Ryegrass).  174 

 175 

Peripheral blood was collected in 10-ml sodium heparinized Vacutainers (Becton Dickinson, 176 

Franklin Lakes, NJ) and red blood cells (RBCs) were lysed using ACK lysing buffer. Peripheral 177 

blood cells were reacted with the following antibodies for flow cytometry: anti-human CD11c-178 

BV785 (clone 3.9); anti-human CD1c-PE/Dazzle 594 (clone L161); anti-human CD141-PECy7 179 

(clone M80); anti-human CD16-PerCP/Cy5.5 (clone 3G8); anti-human CD123-BV650 (clone 180 

6H6); anti-human HLA-DR- APC Cy7 (clone W6/32); anti-human Lin 1-FITC all from 181 

BioLegend (San Diego, CA) and AF647-conjugated rabbit monoclonal antibody to LRP-1 182 

(ab92544) from Abcam (Cambridge, UK). Cells were incubated for 15 mins with human FcγR-183 

binding inhibitor (ThermoFisher Scientific, Waltham, MA), reacted with antibodies, and washed 184 

with PBS. The fixable viability dye was then added, followed by fixation and permeabilization. 185 

Cellular debris and doublets were excluded using physical scatter properties of RBC-lysed 186 

whole blood cells and dead cells were excluded using fixable live-dead exclusion dye. Myeloid-187 

DCs type I (MDC1) were identified as viable/Lin-1- cells expressing CD11c+/CD1c+/CD141-188 
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/HLA-DR+, whereas myeloid-DCs type II (MDC2) were CD11c+/CD1c-/CD141+/HLA-DR+, while 189 

CD16+ DCs were identified as CD11c+/CD16+ cells and plasmacytoid DCs were CD11c-190 

/CD123+ using Fluorescence Minus One (FMO) as a control26.  191 

 192 

Mice.  Experimental protocols were approved by the Animal Care and Use Committee of the 193 

National Heart, Lung, and Blood Institute, Bethesda, MD.  Lrp1fl/fl (B6;129S7-Lrp1tm2Her/J) and 194 

CD11c-Cre (C57BL/6J-Tg(Itgax-cre,-EGFP)4097Ach/J) mice were purchased from The 195 

Jackson Laboratories (Bar Harbor, ME), and crossed to generate homozygous Lrp1fl/fl; CD11c 196 

(Cre) mice. The cell-specific deletion of Lrp1 from CD11c+ dendritic cells was confirmed by 197 

PCR of genomic DNA and Western blotting of cellular proteins.  PCR was performed on 198 

genomic DNA from SSClo/SiglecF-/CD11c+/CD11b+/MHCIIhi mouse lung DCs and 199 

SSClo/SiglecF-/CD11c-/CD11b-/EpCAMhi/MHCIIlo lung epithelial cells (LECs), as well as 200 

SSClo/CD11c+/CD11b+/MHCIIhi splenic DCs and CD4+ T cells, which had been purified by flow 201 

cytometry, using the following PCR primers that detected the recombined Lrp1 floxed allele: 202 

primer rec1, 5’-GGT GTG ACA TAG AGT TTT AAA GAG G-3’; primer rec2, 5’-GCA AGC TCT 203 

CCT GCT CAG ACC TGG A-3’. Bone marrow-derived DCs (BMDCs) and murine lungs were 204 

lysed in RIPA buffer and 100 µg of protein was separated by SDS-PAGE using 4-20% Tris-205 

Glycine gels (Invitrogen) and transferred to nitrocellulose membranes (GE healthcare Life 206 

sciences, PA). Membranes were reacted with anti-LRP-1 (1:1000) and β-actin antibodies 207 

(Abcam). Blots were stripped using Restore Western Blot Stripping Buffer (Thermo Scientific). 208 

 209 

HDM sensitization and challenge models. Lrp1fl/fl and Lrp1fl/fl; CD11c (Cre) mice received 210 

two intraperitoneal injections of HDM (100 µg) (Dermatophagoides pteronyssinus extract, 211 

Greer Laboratories, Lenoir, NC) with aluminum hydroxide (40 mg ml-1, Invivogen, San Diego, 212 

CA) on day 4 and day 8 followed by intranasal administration of HDM (50 µg) on days 8, 10, 213 

12, 15 before harvest on day 17. For the adoptive transfer model, bone marrow cells from 214 

Lrp1fl/fl and Lrp1fl/fl; CD11c (Cre) mice were cultured at a density of 2 x 106 cells ml-1 in Iscove’s 215 

Modified Dulbecco’s medium (Gibco/Life Technologies, Carlsbad, CA) supplemented with 10% 216 

heat-inactivated FCS, penicillin (100 U ml-1), streptomycin (100 µg ml-1), L-glutamine (2 mM), 217 

2-mercaptoethanol (50 µM), and recombinant mouse GM-CSF (20 ng ml-1; BioLegend, San 218 

Diego, CA).  An equal volume of medium was added on day 3 and 50% of the medium was 219 
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replaced on day 6. On day 8, floating non-adherent BMDCs were pulsed with HDM (100 µg ml-220 
1) or sham-pulsed with saline and flow sorted, viable CD11c+/CD11b+/ MHCIIhi BMDCs (0.05 x 221 

106) were adoptively transferred in 20 ul of PBS via intranasal administration on day 0 to 222 

recipient naïve C57BL6 wild-type mice. All recipient mice received daily intranasal HDM 223 

challenges (50 µg) on day 9, 11, 13, 15 and endpoints were analyzed on day 15.   Two 224 

independent experiments were performed for each model.   225 

 226 

BAL and Lung Histopathology.   Bronchoalveolar lavage (BAL) was performed three times 227 

with 0.5 ml PBS and red blood cells were lysed with ACK buffer for 2 min at 4o C, as previously 228 

described27. BALF cells were re-suspended in 0.3 ml RPMI-1640 containing 10% FBS and cell 229 

counts were performed using a hemocytometer, while differential cell counts were performed 230 

on Diff-Quik-stained cytospin slides (Siemens, Deerfield, Illinois).  Lungs were inflated with 231 

10% formalin to a pressure of 25 cm H2O, fixed in 10% formalin for 24 h, dehydrated through 232 

gradient ethanol, and embedded in paraffin.  Sagittal sections were cut at a thickness of 5 µm 233 

and stained with hematoxylin and eosin and periodic acid Schiff (PAS).  Quantification of 234 

mucous cell metaplasia was performed as previously described. All the airways present (large 235 

(conducting), medium (central), and small (distal)) within a representative lung section were 236 

inspected.  The number of airways that contained PAS-positive cells was counted and mucous 237 

cell metaplasia is reported as the percentage of airways that contained PAS-positive cells, as 238 

previously described24.  239 

 240 

Quantification of HDM-specific IgE and IgG1.  Levels of HDM-specific serum IgE and IgG1 241 

were quantified, as previously described27.  96 well plates were coated overnight with 0.01% 242 

HDM in PBS and blocked with 1% BSA in PBS. Serum samples were added to the plates for 1 243 

hr, washed 6X with PBS with 0.05% Tween‐20 prior to incubation with biotinylated anti-mouse 244 

IgE or IgG1 (Pharmingen, San Jose, CA) for 1 hr. Plates were washed 6 additional times and 245 

streptavidin-HRP (R&D Systems, Minneapolis, MN) was added for 30 min and the amount of 246 

bound HDM-specific antibody was determined by the addition of TMB substrate. 247 

 248 

Measurement of Airway Hyperresponsiveness.  Mice were anesthetized and airway 249 

resistance to different doses of methacholine was measured using an Elan RC Fine Pointe 250 
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system (Buxco, Wilmington, NC), as previously described24. Mice were mechanically ventilated 251 

following tracheal cannulation with a 19-gauge beveled metal catheter, with a constant 252 

inspiratory flow before nebulization with increasing doses of methacholine (0-10 mg/ml). 253 

Airway resistance was recorded at 10-seconds interval for 3 mins and average values are 254 

represented as cm-H2O/ml/s. 255 

 256 

House dust mite re-stimulation of mediastinal lymph node cells. Single cell suspensions 257 

from both right and left mediastinal lymph nodes (MLN) of mice were generated. MLN cells 258 

(0.2 X 106/ml) were cultured in round-bottom 96-well plates and re-stimulated with HDM (100 259 

µg/ml) for 72 hours at 37°C in RPMI medium with 10 %  FBS. The concentrations of IL-4, IL-5 260 

IL-13, or IFN-γ in the supernatants were measured using sandwich ELISA kits with limits of 261 

sensitivity of 15.6 pg/ml for IL-4, 31.25 pg/ml for IL-5 and IFN-γ, and 62.5 pg/ml for IL-13 (R & 262 

D Systems, Minneapolis, MN). 263 

 264 

Lung dendritic cell migration assay.  HDM was labeled with AF-647 protein labeling kit 265 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Mice received 266 

intratracheal administration of AF647-HDM (50 µg per administration of sensitization) dissolved 267 

in 80 µl of PBS using a 24-gauge sterile polyurethane catheter connected to the outlet of a 268 

micropipette, as previously described27. At 72 hours after injection, migrating DCs were 269 

quantified in digested lungs and MLNs by flow cytometry as CD11c+/MHCIIhi/AF-647-HDM+ 270 

cells. 271 

 272 

Flow cytometry. Lungs cells were isolated by enzymatic digestion with liberase (100 µg/ml, 273 

Roche, Indianapolis, IN) and DNase I (0.2 mg/ml; DN25, Sigma, St. Louis, MO) (total volume 274 

1-2 ml/lung) and incubated at 37°C for 25 min with agitation. Cells from digested lungs were 275 

incubated with Fc BlockTM (BD Biosciences, San Jose, CA) to react with Fcγ III/II receptors 276 

before surface staining.  Mouse DC subsets were identified and characterized by using anti-277 

mouse Siglec F-PE-CF594, CD11c-APC Cy7, MHCII-PE Cy7, CD11b-PerCP Cy5.5, CD103-278 

APC, PDCA1-AF488, Mar-1-efluor450, CD64-PE, TLR-4-APC, Dectin-1-PE, CD205-279 

PerCPCy5.5, and CD206-BV785 antibodies, all from BioLegend (San Diego, CA); CD80-280 

PECy5, CD86-605NC, and DC-SIGN-eFluor660 all from ThermoFisher Scientific, Waltham, 281 
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MA); Dectin-2-AF647 (BioRad, Hercules, CA); and TLR 5-PE (Novus, Littleton, CO). CD4+ 282 

regulatory T cells (Treg) were identified using APC-conjugated anti-CD3, BV650-conjugated 283 

anti-CD4, and PE-Cy7-conjugated anti-CD25, all from ThermoFisher Scientific. For intracellular 284 

Foxp3 staining, cells were fixed and permeabilized with Foxp3 staining buffer (ThermoFisher 285 

Scientific), then reacted with a PE-conjugated anti-mouse Foxp3 antibody (0.5 µg per 106 286 

cells) (Clone NRRF-30, ThermoFisher Scientific). Data were acquired on a LSRII (BD 287 

Biosciences, USA) equipped with 407, 488, 532, and 633 LASER lines using DIVA 8 software 288 

and analyzed with the Flow Jo software version 9.9.5 (Treestar, San Carlos, CA). Cellular 289 

debris was excluded using a forward light scatter/side scatter plot. 290 

 291 

OT-II co-culture. The ability of DCs to induce ex vivo antigen-specific T-cell proliferation was 292 

assessed using CFSE-labeled splenic CD4 T cells from naïve (DO11.10 TCR (C.Cg-293 

Tg(DO11.10)10Dlo/J) transgenic mice (Jackson Laboratories, Bar Harbor, ME) that express a 294 

transgenic MHCII-restricted TCR that recognizes the OVA peptide antigen27. BMDCs from 295 

Lrp1fl/fl and Lrp1fl/fl; CD11c (Cre) mice were pulsed overnight with 1 µg ml-1 of OVA 323-339 296 

peptide (AnaSpec, Fremont, CA, USA) or PBS as a control and viable CD11c+ cells were 297 

isolated by flow sorting using an anti-mouse CD11c-APC-Cy7 antibody (BD Biosciences). 298 

Naïve CD4+ T cells were purified from the spleens of DO11.10 TCR mice by flow sorting using 299 

an anti-mouse CD4-BV 650 antibody (ThermoFisher Scientific) and were labelled with 5 µM 300 

CFDA-SE (carboxyfluoresceine diacetate succinimidyl ester; Cayman Chemical, MI), for 15 301 

min.  1 x 105 OVA peptide-specific CD4+ OTII cells were co-cultured with 2 x 104 CD11c+ 302 

BMDCs in 96-well plates for 4 days and T cell proliferation was quantified by flow cytometry 303 

using CFSE dye dilution. CD4+-gated cells were analyzed using proliferation profile, percent 304 

divided, and division index as calculated by the FlowJo Proliferation Platform28.  305 

 306 

Statistics.  Data were analyzed using Graph Pad Prism version 7.0b using either an unpaired 307 

t test for normally distributed data or a Mann-Whitney test for non-normally distributed data.  308 

Multiple comparisons were analyzed using a one-way ANOVA with a Sidak’s multiple 309 

comparison test or a two-way ANOVA.   Correlation analyses between LRP-1 expression and 310 

peripheral blood eosinophil counts were performed by Spearman correlation.  Data are 311 

presented as mean + SEM.   A  P value < 0.05 was considered significant. 312 
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Results 313 

 314 

LRP-1 Expression is Decreased on Peripheral Blood Myeloid Dendritic Cells from 315 

Eosinophilic Asthmatics 316 

 317 

Elevated peripheral blood eosinophils are a biomarker of type 2-high asthma29-32.  Here, we 318 

hypothesized that LRP-1 expression by peripheral blood DCs might be modified in asthmatics 319 

with high peripheral blood eosinophils counts (> 260 cells/µl) as compared to asthmatics with 320 

low peripheral blood eosinophils counts (< 260 cells/µl) or healthy, non-asthmatics who also 321 

had low peripheral blood eosinophil counts (< 260 cells/µl) (Figure 1A)33-35. Demographic 322 

information regarding the high and low eosinophil groups are presented in Repository eTable 323 

1.  LRP-1 expression was quantified by flow cytometry on four specific peripheral blood DCs 324 

subsets; Lin-/ HLA-DR+/ CD11c+/ CD1c+/ CD141- myeloid DC type I (MDC1), Lin-/ HLA-DR+/ 325 

CD11c+/ CD1c-/ CD141+ myeloid DC type II (MDC2), Lin-/ HLA-DR+/ CD16+/CD11C+ (CD16+ 326 

DCs) or Lin-/HLA-DR+/CD11c+/CD123+ (plasmacytoid DCs, pDCs) (Repository eFigure 1).  As 327 

shown in Figure 1B, LRP-1 expression by the MDC1, MDC2, and CD16+ myeloid DC subsets 328 

was significantly decreased in the eosinophil-high asthmatic group as compared to the healthy, 329 

non-asthmatic group, whereas there was no difference between the groups regarding LRP-1 330 

expression by plasmacytoid DCs.  Furthermore, when all eosinophil-high and eosinophil-low 331 

asthmatic subjects were combined into a single cohort, there were significant negative 332 

correlations between peripheral blood eosinophil counts and LRP-1 expression by the MDC1 333 

(Spearman ρ = -0.46, p = 0.019), MDC2 (Spearman ρ = -0.51, p = 0.008), and CD16+ 334 

(Spearman ρ = -0.39, p = 0.047) myeloid DC subsets, whereas there was a trend for a 335 

negative correlation among plasmacytoid DCs (Spearman ρ = -0.37, p = 0.06).  Collectively, 336 

these results show that myeloid DC subsets from eosinophil-high asthmatics have lower levels 337 

of LRP-1 expression than healthy, non-asthmatic subjects and that a negative correlation 338 

exists between LRP-1 expression by myeloid DC subsets and peripheral blood eosinophil 339 

counts in asthmatics. 340 

 341 

Next, we used a murine model to assess whether sensitization and challenge with HDM 342 

modifies the cell surface expression of LRP-1 on CD11c+/CD11b+ lung DCs. As shown in 343 
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Figure 1C, LRP-1 is expressed on both CD11b+/ CD11c+/ Siglec F-/ MHC-IIhi/ Mar-1-/ CD64- 344 

conventional myeloid DCs (cDC) and CD11b+/ CD11c+/ Siglec F-/ MHC-IIhi/ Mar-1+/ CD64+ 345 

monocyte-derived DCs (moDC) in the lungs of saline-challenged mice36. Furthermore, 346 

following sensitization and challenge with HDM, the percentage of both LRP-1+ cDCs and 347 

moDCs in the lung were significantly reduced.    348 

 349 

The CD11c-specific deletion of LRP-1 Augments HDM-induced Eosinophilic Airway 350 

Inflammation 351 

 352 

Having shown that both human and murine DCs express LRP-1, experiments were next 353 

conducted to assess the role of LRP-1 on CD11c+ cells in initiating HDM-induced allergic 354 

sensitization, Th2 immune responses, and eosinophilic airway inflammation.  To address this 355 

question, we created a Lrp1fl/fl; CD11c-Cre mouse, in which LRP-1 is specifically deleted in 356 

CD11c+ cells, which include both DCs and alveolar macrophages (Repository eFigure 2).  357 

Lrp1fl/fl; CD11c-Cre mice were sensitized by intraperitoneal injection of HDM plus aluminum 358 

hydroxide, followed by multiple intranasal HDM challenges (Figure 2A).  As shown in Figure 359 

2B, the total number of BALF inflammatory cells recovered from HDM-challenged Lrp1fl/fl; 360 

CD11c-Cre mice were significantly increased as compared to control Lrp1fl/fl mice, which 361 

represented increases in eosinophils, alveolar macrophages, and lymphocytes.  Similarly, lung 362 

histopathology showed an increase in the extent of peribronchial inflammatory cell infiltrates 363 

(Figure 2C) and mucous cell metaplasia (Figure 2C and 2D) in HDM-challenged Lrp1fl/fl; 364 

CD11c-Cre mice as compared to Lrp1fl/fl mice.  In contrast, there was no significant difference 365 

in airway hyperresponsiveness between HDM-exposed Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice 366 

(Figure 3A).  Re-stimulation of mediastinal lymph node (MLN) cells from Lrp1fl/fl; CD11c-Cre 367 

mice with HDM showed significant increases in the production of the Th2 cytokines, IL-4, IL-5 368 

and IL-13, whereas there was no change in interferon-γ (Figure 3B).  Flow cytometry 369 

demonstrated a significant reduction in the percentage of CD3+/CD4+/CD25+/Foxp3+ regulatory 370 

T cells (Tregs) in the lungs of HDM-challenged Lrp1fl/fl; CD11c-Cre mice as compared to Lrp1fl/fl 371 

mice (Figure 3C).  Lastly, HDM-challenged Lrp1fl/fl; CD11c-Cre mice had increases in HDM-372 

specific serum IgE and IgG1 levels (Figure 3D) in as compared with Lrp1fl/fl mice, which is 373 

indicative of augmented allergic sensitization. Collectively, these data demonstrate that HDM-374 
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challenged Lrp1fl/fl; CD11c-Cre mice have a phenotype of increased allergic sensitization, Th2-375 

medated adaptive immune responses, mucous cell metaplasia, and eosinophilic airway 376 

inflammation in response to HDM that was associated with a reduction in lung Tregs.   377 

 378 

To confirm that the phenotype in HDM-challenged Lrp1fl/fl; CD11c-Cre mice of augmented 379 

eosinophilic inflammation in the absence of modified AHR was not specifically related to the 380 

use of aluminum hydroxide as an adjuvant during the sensitization phase, we assessed if 381 

similar results would be obtained if mice were sensitized and challenged by intranasal 382 

administration of HDM (25 µg) alone, on a daily basis, five days per week for five weeks 383 

(Repository eFigure 3A).  Consistent with the results obtained using the HDM plus adjuvant 384 

model, the total number of BALF inflammatory cells recovered from Lrp1fl/fl; CD11c-Cre mice 385 

that had been sensitized and challenged with HDM alone were significantly increased as 386 

compared to control Lrp1fl/fl mice, which again represented increases in eosinophils, alveolar 387 

macrophages, and lymphocytes (Repository eFigure 3B).  Again, there was no significant 388 

difference in airway hyperresponsiveness between HDM-challenged Lrp1fl/fl; CD11c-Cre and 389 

Lrp1fl/fl mice (Repository eFigure 3C), while flow cytometry demonstrated that there was a 390 

significant reduction in the number of CD3+/CD4+/CD25+/Foxp3+ regulatory T cells (Tregs) in 391 

the lungs of HDM-challenged Lrp1fl/fl; CD11c-Cre mice as compared to Lrp1fl/fl mice 392 

(Repository eFigure 3D).   BALF levels of CCL24 were also significantly increased in HDM-393 

challenged Lrp1fl/fl; CD11c-Cre mice as compared to Lrp1fl/fl mice (Repository eFigure 3E).  394 

Thus, a similar phenotype of enhanced eosinophilic airway inflammation that was dissociated 395 

from airway hyperreactivity was present when Lrp1fl/fl; CD11c-Cre mice were sensitized and 396 

challenged by intranasal administration of HDM without aluminum hydroxide as an adjuvant. 397 

 398 

The Adoptive Transfer of HDM-pulsed CD11b+ DCs from Lrp1fl/fl; CD11c-Cre mice 399 

Augments Eosinophilic Airway Inflammation in HDM-challenged recipient mice 400 

 401 

Next, adoptive transfer experiments were performed to confirm that the augmented HDM-402 

induced eosinophilic airway inflammatory responses in Lrp1fl/fl; CD11c-Cre mice were 403 

specifically mediated by DCs.  CD11b+ BMDCs from Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice were 404 

pulsed with HDM or saline and adoptively transferred to naïve wild-type (WT) mice that 405 
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subsequently received multiple intranasal HDM challenges to induce allergic airway 406 

inflammation (Figure 4A). As shown in Figure 4B, the number of total BALF inflammatory cells, 407 

which were specifically comprised of eosinophils and alveolar macrophages, were significantly 408 

increased in WT recipients of CD11b+ DCs from Lrp1fl/fl; CD11c-Cre donor mice as compared 409 

to WT recipients of CD11b+ DCs from Lrp1fl/fl donor mice.  Similarly, lung histology showed 410 

increases in peribronchial inflammatory cell infiltrates (Figure 4C) and mucous cell metaplasia 411 

(Figure 4D) in WT recipients of CD11b+ DCs from Lrp1fl/fl; CD11c-Cre donor mice, as 412 

compared to WT recipients of CD11b+ DCs from Lrp1fl/fl donor mice.  Serum levels of HDM-413 

specific IgE and IgG1 (Figure 4E) and BALF levels of the C-C chemokine, CCL24 (Figure 4F), 414 

were also significantly increased in the WT recipients of CD11b+ DCs from Lrp1fl/fl; CD11c-Cre 415 

donor mice as compared to WT recipients of CD11b+ DCs from Lrp1fl/fl donor mice.  In addition, 416 

the production of IL-4, but not IL-5, IL-13, or IFN-γ, was increased following HDM re-stimulation 417 

of MLN cells isolated from WT recipient mice that received the adoptive transfer of CD11b+ 418 

DCs from Lrp1fl/fl; CD11c-Cre donor mice as compared to WT recipient mice that received the 419 

adoptive transfer of CD11b+ DCs from Lrp1fl/fl donor mice (Figure 4G).   Collectively, these 420 

experiments demonstrate that CD11b+ DCs from Lrp1fl/fl; CD11c-Cre donor mice significantly 421 

up-regulated eosinophilic airway inflammatory responses in WT recipient mice upon 422 

subsequent HDM challenge, as compared to WT recipient mice that received the adoptive 423 

transfer of HDM-pulsed CD11b+ BMDCs from Lrp1fl/fl donor mice. Thus, the adoptive transfer 424 

of HDM-pulsed LRP-1-deficient CD11b+ DCs into WT mice recapitulated the phenotype of 425 

enhanced allergic sensitization and eosinophilic inflammation that was observed in HDM-426 

challenged Lrp1fl/fl; CD11c-Cre mice. 427 

 428 

CD11b+ Lung DCs from HDM-challenged Lrp1fl/fl; CD11c-Cre mice have Increased 429 

Expression of CD86 and TLR5 430 

 431 

Next, we considered whether the specific deletion of LRP-1 in CD11c+ cells would modify the 432 

number of lung DC subsets or the surface expression of co-stimulatory molecules in response 433 

to HDM challenge in mice that had been sensitized with HDM plus aluminum hydroxide. As 434 

shown in Figure 5A, there were no significant differences in the numbers of total lung 435 

CD11c+/Siglec F-/MHC IIhi DCs in HDM-challenged Lrp1fl/fl; CD11c-Cre mice as compared to 436 
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HDM-challenged Lrp1fl/fl mice. In addition, there were no differences in the number of CD11b+ 437 

cDCs and moDCs or CD11b- CD103+ DCs and pDCs in the lungs of HDM-challenged Lrp1fl/fl; 438 

CD11c-Cre mice and Lrp1fl/fl mice (Figure 5B).  Therefore, the phenotype of enhanced 439 

eosinophilic airway inflammation in HDM-challenged Lrp1fl/fl; CD11c-Cre mice was not 440 

mediated by changes in the number of DC subsets in the lung.  Similarly, there were no 441 

differences in the numbers of cDCs, moDCs, CD103+ DCs and pDCs in the lungs of Lrp1fl/fl; 442 

CD11c-Cre mice and Lrp1fl/fl mice that had been sensitized and challenged by administration of 443 

intranasal HDM without adjuvant (Supplemental Repository eFigure 4). 444 

 445 

Since, CD11b+ cDCs and moDCs have been shown to be the primary DC subset in the lung 446 

that mediates antigen presentation and Th2 responses27, 36, 37, we characterized these DCs 447 

subsets further in Lrp1fl/fl; CD11c-Cre mice.  We found that cell surface expression of the co-448 

stimulatory molecule CD86 was increased on CD11b+ DCs from the lungs of HDM-challenged 449 

Lrp1fl/fl; CD11c-Cre mice, whereas there was no difference in the expression of CD80 (Figure 450 

5C).  We also considered whether cell surface expression of C-type lectin receptors (CLRs) 451 

and toll-like receptors (TLRs) by CD11b+ lung DCs might be modified in Lrp1fl/fl; CD11c-Cre 452 

mice as a possible mechanism by which allergic inflammation is augmented38-41. As shown in 453 

Figures 5D and 5E, there were no differences in the mean fluorescence intensity (MFI) of the 454 

CLRs, Dectin 1, Dectin 2, DC-SIGN, and CD206, or TLR4 by CD11b+ lung DCs from HDM-455 

challenged Lrp1fl/fl; CD11c-Cre mice as compared to Lrp1fl/fl mice, whereas the expression of 456 

CD205 was decreased.  This suggests that the phenotype of HDM-challenged Lrp1fl/fl; CD11c-457 

Cre mice was not mediated at the level of CLRs.  In contrast, TLR5 expression by lung 458 

CD11b+ DCs from HDM-challenged challenged Lrp1fl/fl; CD11c-Cre mice was significantly 459 

increased.  These data suggest that the up-regulated expression of CD86 and TLR5 by 460 

CD11b+ myeloid lung DCs from HDM-challenged Lrp1fl/fl; CD11c-Cre mice might in part 461 

contribute to the phenotype of enhanced eosinophilic inflammation and Th2 responses.  462 

 463 

LRP-1-deficient DCs have Increased Antigen Uptake and Presentation 464 

  465 

We next hypothesized that antigen uptake and presentation functions of LRP-1-deficient DCs 466 

might be enhanced as a mechanism by which HDM-induced eosinophilic airway inflammation 467 
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is augmented in Lrp1fl/fl; CD11c-Cre mice.  AF-647-labelled HDM was administered to the 468 

lungs of Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice and antigen uptake was assessed by flow 469 

cytometry.  As shown in Figure 6A, there was a significant increase in HDM uptake by CD11b+ 470 

lung DCs from Lrp1fl/fl; CD11c-Cre mice as compared to Lrp1fl/fl mice (14.28 % ± 2.6 vs. 2.46 % 471 

± 0.31), whereas there was no difference in the uptake of HDM antigen by lung CD11b- DCs.  472 

In addition, there was no difference in the frequency of AF-647-HDM+ CD11b+ or CD11b- DCs 473 

from Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice that migrated to MLNs following uptake of HDM 474 

antigen in the lung (Figure 6B). Collectively, these experiments show that lung DCs from 475 

Lrp1fl/fl; CD11c-Cre mice have an enhanced antigen uptake capability, whereas subsequent 476 

migration to MLNs was not modified.  477 

 478 

Next, CD11c+ BMDCs from Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice were used to investigate 479 

whether LRP-1 expression modifies antigen-specific T cell proliferation and Th2 cytokine 480 

production. Co-culture experiments of splenic CD4+ T cells from mice expressing the major 481 

histocompatibility complex II (MHC II)-restricted DO11.10 T-cell receptor that recognizes the 482 

OVA 323-339 peptide showed that CD11c+ BMDCs from Lrp1fl/fl; CD11c-Cre mice mediate 483 

significant increases in both T cell proliferation (Figure 6C) and Th2 cytokine production 484 

(Figure 6D) as compared with CD11c+ BMDCs from Lrp1fl/fl mice following ex vivo stimulation 485 

with the OVA 323-339 peptide. Collectively, these experiments show that LRP-1-deficient 486 

CD11c+ DCs have an enhanced ability to present antigen to CD4+ T cells and thereby induce 487 

effector Th2 inflammatory responses. 488 

  489 
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Discussion 490 

 491 

CD11b+ cDCs play key roles in initiating Th2 cell differentiation and effector cytokine 492 

production that mediate allergic airway inflammation42-44.  We have previously shown that the 493 

VLDL receptor functions as a negative regulator of DC function in experimental HDM-induced 494 

asthma.  However, limited data exists regarding the function of another LDL receptor family 495 

member, LRP-1, in mediating the ability of DCs to induce allergen-mediated adaptive immune 496 

responses in asthma21, 45-47. For example, LRP1 polymorphisms have been associated with 497 

food allergen sensitization in asthmatic children who participated in the Mexico City Childhood 498 

Asthma Study48.  In other settings, LRP-1 expression by DCs has been shown to mediate 499 

antigen-specific immune responses.  LRP-1 on DCs can facilitate the receptor-mediated 500 

uptake of a wide variety of antigens, including soluble tetanus toxin C fragment (TTC) or 501 

activated α2-macroglobulin-TTC complexes, that elicit T cell proliferation and enhance primary 502 

antigen-specific immune responses45, 49, 50. Furthermore, LRP-1 has been shown to bind and 503 

internalize immunogenic heat shock proteins (HSPs), such as HSP70, HSP90, gp96, and 504 

calreticulin22, 46, 51, which are processed and presented by MHC class I or MHC class II 505 

molecules to provide the appropriate signal for T cell priming21.  LRP-1 also mediates DC 506 

responses in the setting of host defense against viral infections and in cancer19, 51, 52.   507 

 508 

Peripheral blood eosinophil counts can be used as a biomarker to identify eosinophilic 509 

asthmatics and are also correlated with asthma severity29, 53, 54.  Here, we show that 510 

eosinophil-high asthmatics have decreased LRP-1 expression on circulating MDC1, MDC2, 511 

and CD16+ myeloid DC subsets as compared to healthy, non-asthmatic subjects.  512 

Furthermore, we show LRP-1 expression by MDC1, MDC2, and CD16+ myeloid DC subsets is 513 

negatively correlated with peripheral blood eosinophil counts in asthmatics. Interestingly, LRP-514 

1+/ Lin-/CD11c+ DCs, but not CD14+ monocytes are the primary antigen presenting cells 515 

(APCs) in circulating blood that facilitate receptor-mediated antigen uptake and presentation45. 516 

This is clinically relevant as these DC subsets also express the high-affinity IgE receptor 517 

(FcεR1), which contributes to the pathogenesis of allergic asthma55.  Similarly, we show that 518 

HDM suppresses LRP-1 expression by CD11b+ cDCs and moDCs in the murine lung. This is 519 

consistent with prior reports demonstrating down-regulation of cell surface LRP-1 expression 520 
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on myeloid cells in response to bacterial LPS and cigarette smoke56, 57. Collectively, these 521 

findings support the possibility that reduced LRP-1 expression by circulating myeloid DCs in 522 

eosinophilic asthmatics, as well as by CD11b+ cDCs and moDCs lung DCs from HDM-523 

challenged mice, modify the severity of eosinophilic asthma. 524 

 525 

We used two murine models to investigate whether LRP-1 expression by DCs modulates the 526 

pathogenesis of allergic sensitization to HDM and the subsequent induction of eosinophilic 527 

airway inflammation and Th2 adaptive immune responses in the lung.  First, we created a 528 

mouse with a specific deletion of LRP-1 in CD11c+ cells, such as DCs and alveolar 529 

macrophages, to characterize the role of LRP-1 expression in HDM-induced airways disease.  530 

We show that HDM-challenged Lrp1fl/fl; CD11c-Cre mice display a phenotype of augmented 531 

allergic sensitization and enhanced Th2 immune responses to HDM that were associated with 532 

increased eosinophilic airway inflammation and mucous cell metaplasia.  HDM re-stimulation 533 

of draining mediastinal lymph node cells from Lrp1fl/fl; CD11c-Cre mice showed increased 534 

production of the Th2 cytokines, IL-4, IL-5 and IL-13, which are key regulators of eosinophilic 535 

airway inflammation and mucous cell metaplasia58-60.  Furthermore, there was a reduction 536 

CD4+ Tregs, which function to suppress eosinophilic airway inflammation and Th2 immune 537 

responses in the lungs of HDM-challenged Lrp1fl/fl; CD11c-Cre mice.  This suggests that the 538 

decrease in lung Tregs in HDM-challenged Lrp1fl/fl; CD11c-Cre mice might foster a permissive 539 

immunologic environment that augments eosinophilic airway inflammation61, 62.  In addition, 540 

CD11b+ lung DCs from HDM-challenged Lrp1fl/fl; CD11c-Cre mice had increased expression of 541 

CD86 (B7-2), which mediates co-stimulatory signaling upon interacting with CD28 on CD4+ T 542 

cells to promote Th2 immune responses63, 64.  CD11b+ lung DCs from HDM-challenged Lrp1fl/fl; 543 

CD11c-Cre mice also had increased expression of TLR5, which promotes allergic sensitization 544 

to flagellin-containing aeroallergens65. Thus, the concomitant decrease in Tregs, and increased 545 

expression of CD86 and TLR5 on CD11b+ lung DCs, may in part contribute to the phenotype 546 

of enhanced allergic sensitization and eosinophilic airway inflammation in HDM-challenged 547 

Lrp1fl/fl; CD11c-Cre mice.   548 

 549 

Interestingly, the phenotype of augmented eosinophilic airway inflammation in HDM-550 

challenged Lrp1fl/fl; CD11c-Cre mice that were sensitized with HDM plus adjuvant (i.e., 551 
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aluminum hydroxide) was not associated with concomitant modifications in AHR.  This finding 552 

was confirmed when HDM alone was used for both allergic sensitization and challenge, which 553 

shows that the dissociation between AHR and eosinophilic airway inflammation was not merely 554 

a consequence of a sensitization model that utilized aluminum hydroxide as an adjuvant.  A 555 

dissociation between eosinophilic airway inflammation and AHR has been previously reported 556 

both in murine models, as well as in human studies, which suggests that distinct pathogenic 557 

pathways can regulate the development of these cardinal manifestations of asthma66-72. 558 

Consistent with this concept, our results suggest that LRP-1 regulates HDM-induced 559 

eosinophilic airway inflammation, but not AHR, in Lrp1fl/fl; CD11c-Cre mice. 560 

 561 

CD11b+ cDCs that reside in the airway continuously sample the local environment and take up 562 

inhaled aeroallergens, such as HDM, after which they migrate to nearby draining lymph nodes 563 

to present antigens to T cells73.  As such, CD11b+ cDCs are the major lung DC subset that 564 

mediates the priming and activation of CD4+ effector T cells in allergen-mediated airway 565 

inflammation27, 74, 75.  Furthermore, following sensitization and challenge with HDM, migratory 566 

CD11b+ cDCs have been identified as the primary DC subset that induces Th2 immune 567 

responses in lymph nodes, while the function of CD11b+ moDCs is to produce pro-568 

inflammatory cytokines and facilitate allergen presentation and allergen-mediated eosinophilic 569 

inflammation in the lung36.  Here, we show that the adoptive transfer of HDM-pulsed CD11b+ 570 

DCs from Lrp1fl/fl; CD11c-Cre mice have an increased ability to induce allergic sensitization, as 571 

indicated by elevated serum levels of HDM-specific IgE and IgG1, as well as eosinophilic 572 

airway inflammation.  In addition, BALF levels of the C-C chemokine, CCL24 (eotaxin-2), which 573 

has chemotactic activity towards eosinophils, were increased76.  Collectively, these results 574 

confirm the conclusion that the phenotype of increased allergic sensitization and eosinophilic 575 

airway inflammation that we observed in HDM-challenged Lrp1fl/fl; CD11c-Cre mice was 576 

specifically mediated by CD11b+ DCs. 577 

 578 

Uptake of HDM antigen in the lung is almost exclusively mediated by the CD11b+ DC subset, 579 

whereas CD11b- DCs can also mediate HDM uptake at high doses36, 38.  Following antigen 580 

uptake in the lung, DCs are transported to draining MLNs by a CCR7-dependent process, 581 

where they induce the expansion of naïve T cells to mount a Th2 immune response77. By sub-582 
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dividing the lung and MLN DC populations, we show that CD11b+ DCs from the lungs of naïve 583 

Lrp1fl/fl; CD11c-Cre mice have an increased ability to take up HDM antigen, whereas there was 584 

no difference in the migration of HDM+ CD11b+ DCs to the draining MLNs.  In addition, we 585 

show that OVA-peptide pulsed CD11c+ BMDCs Lrp1fl/fl; CD11c-Cre mice have enhanced 586 

antigen presentation capabilities as evidenced by their ability to increase the proliferation of 587 

naïve DO11.10 T cells, as well as up-regulate the production of IL-5 and IL-13 Th2 effector 588 

cytokines.  Thus, increased uptake of HDM antigen, as well as enhanced antigen presentation 589 

and induction of Th2 immunity, may contribute to the phenotype of augmented eosinophilic 590 

airway inflammation in HDM-challenged Lrp1fl/fl; CD11c-Cre mice.   591 

 592 
In conclusion, the present study demonstrates, for what we believe is the first time, a role for 593 

LRP-1 in modulating dendritic cell function in the pathogenesis of Th2 immune responses to 594 

HDM in experimental allergen-induced asthma.  Our data are consistent with the conclusion 595 

that LRP-1 functions as a negative regulator of CD11b+ DCs, which thereby attenuates HDM-596 

induced allergic sensitization and eosinophilic airway inflammation.  We propose that the 597 

mechanism by which LRP-1 negatively regulates DC function involves attenuated antigen 598 

uptake and presentation capabilities, which reduces allergic sensitization and Th2 immune 599 

responses in the lung.  Furthermore, we demonstrate that LRP-1 expression is reduced on 600 

circulating myeloid DC subsets from eosinophilic asthmatics, which also suggests a possible 601 

role for LRP-1 in modulating the type 2-high asthma endotype in humans. Therefore, these 602 

findings support a novel role for the LDL receptor family member, LRP-1, as a negative 603 

regulator of DC function during the pathogenesis of allergic asthma.   604 

 605 
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Figure Legends 842 
 843 

Figure 1.  Cell surface LRP-1 expression is reduced on myeloid dendritic cell subsets 844 

from eosinophilic asthmatics.  A) Asthmatics (n = 14) and healthy, non-asthmatics (n = 12) 845 

with low peripheral blood eosinophil counts (< 260 cells/µl), or asthmatics with high (> 260 846 

cells/µl) peripheral blood eosinophil counts (n = 12) (* P< 0.0001, one-way ANOVA with 847 

Sidak’s multiple comparison test).  B) Mean fluorescence intensity (MFI) of LRP-1 expression 848 

was assessed by flow cytometry on viable/ Lin-/ HLA-DR+ peripheral blood dendritic cell 849 

subsets that express CD11c+/CD1c+/CD141- (MDC1), CD11c+/CD1c-/CD141+ (MDC2), 850 

CD11c+/CD16+ (CD16+ DCs), and CD11c-/CD123+ (pDCs). Data shown as means ± SEM (*P< 851 

0.05, one-way ANOVA with Sidak’s multiple comparison test).  C) The percentage of LRP-1+ 852 

CD11c+/CD11b+/Siglec F-/MHC IIhi/Mar-1-/ CD64- conventional myeloid DCs (cDCs) and 853 

CD11c+/CD11b+/Siglec F-/MHC IIhi/Mar-1+/CD64+ monocyte-derived DCs (moDCs) from saline- 854 

and house dust mite (HDM)-challenged wild-type C57BL6 mice were quantified (n = 9 mice, * 855 

P< 0.0001, saline- versus HDM-challenged, Mann-Whitney test). 856 

 857 

 858 

Figure 2.   Eosinophilic airway inflammation and mucous cell metaplasia are increased 859 

in HDM-challenged Lrp1fl/fl; CD11c-Cre mice. A) Lrp1fl/fl and Lrp1fl/fl; CD11c-Cre mice were 860 

sensitized with two intraperitoneal injections of 100 µg HDM (with alum 40 mg ml-1) on day 0 861 

and day 4 and challenged on days 8, 10, 12 and 15 by intranasal administration of HDM (50 862 

µg) before harvest and endpoint analysis on day 17. B) The number of total BALF 863 

inflammatory cells and inflammatory cell types (eosinophils (Eos), alveolar macrophages (AM), 864 

neutrophils (PMN) and lymphocytes (Lymph)) from saline- and HDM-challenged Lrp1fl/fl; 865 

CD11c-Cre and Lrp1fl/fl mice (n = 7 - 16 mice per group, * P< 0.01, HDM-challenged Lrp1fl/fl; 866 

CD11c-Cre versus Lrp1fl/fl, one-way ANOVA with Sidak’s multiple comparison test). C) 867 

Representative lung histology sections stained with hematoxylin and eosin (H&E) or Periodic 868 

acid-schiff (PAS). Scale bars 100 µm for the 200x images and 20 µm for the 1,000x images. D) 869 

Quantification of mucous cell metaplasia as assessed by the percentage of airways that 870 

contained PAS+ cells. Data are mean ± SEM (n = 5 - 7 mice per group, * P < 0.05, HDM-871 
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challenged Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice, Mann-Whitney test).  Results shown are 872 

pooled data from two independent experiments. 873 

 874 

Figure 3.  Th2 cytokine production and allergic sensitization are increased in HDM-875 

challenged Lrp1fl/fl; CD11c-Cre mice.  A) Airway resistance (cm H2O per ml s-1) to inhaled 876 

methacholine from HDM-challenged Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice (n = 4 - 6 mice per 877 

group).  (P = NS, two-way ANOVA).  B) Cytokine secretion by ex vivo cultures of MLN cells 878 

that had been re-stimulated with saline or HDM (100 µg ml-1, n = 6 mice per group, * P < 0.05, 879 

HDM-challenged Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice, one-way ANOVA with Sidak’s 880 

multiple comparison test).  C) The percentage of CD4+/CD25+/FoxP3+ Tregs in the lungs of 881 

HDM-challenged Lrp1fl/fl; CD11c-Cre mice and Lrp1fl/fl mice (n = 5 mice per group, *P < 0.008, 882 

Mann-Whitney test). D) Serum levels of HDM-specific IgE and IgG1 (n = 9 - 10 mice per 883 

group), * P< 0.05, HDM-challenged Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice, one-way ANOVA 884 

with Sidak’s multiple comparison test).  885 

 886 

Figure 4. The adoptive transfer of CD11b+ DCs from Lrp1fl/fl; CD11c-Cre mice increases 887 

HDM-mediated eosinophilic airway inflammation.  A) BMDCs from Lrp1fl/fl; CD11c-Cre and 888 

Lrp1fl/fl donor mice were pulsed ex vivo with saline or HDM (100 µg ml-1) for 16 hours.  2.5 x 889 

104 CD11c+/ CD11b+/ MHC IIhi DCs were adoptively transferred to wild-type (WT) C57BL6 890 

recipient mice by intranasal administration on day 0 and intranasal HDM challenges (50 µg) 891 

were administered on alternate days, from day 9 through day 15, to all recipient mice, prior to 892 

endpoint analysis on day 16. B) The number of total BALF inflammatory cells and inflammatory 893 

cell subtypes in recipient WT mice (n = 6 - 10 mice per group, *P< 0.05, HDM-pulsed Lrp1fl/fl; 894 

CD11c-Cre DCs versus HDM-pulsed Lrp1fl/fl DCs, one-way ANOVA with Sidak’s multiple 895 

comparison test). C) Representative histologic lung sections stained with H&E and PAS. Scale 896 

bars indicate 100 µm for the 200x images and 20 µm for the 1,000x images. D) Quantification 897 

of mucous cell metaplasia as assessed by the percentage of airways that contained PAS+ 898 

cells. (n = 5 mice per group, * P < 0.008, HDM-pulsed Lrp1fl/fl; CD11c-Cre DCs versus HDM-899 

pulsed Lrp1fl/fl DCs, Mann-Whitney test).  E) Serum levels HDM-specific IgE and IgG1 (n = 9 - 900 

10 mice per group, *P < 0.01, Mann-Whitney test, HDM-pulsed Lrp1fl/fl; CD11c-Cre DCs versus 901 

HDM-pulsed Lrp1fl/fl DCs). F) BALF levels of CCL24 from WT recipient mice that received 902 
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HDM-pulsed Lrp1fl/fl; CD11c-Cre DCs or HDM-pulsed Lrp1fl/fl DCs (n = 6 - 10 mice per group, 903 

*P < 0.05, unpaired t test).   G) Cytokine secretion by ex vivo cultures of MLN cells that had 904 

been re-stimulated with saline or HDM (100 µg ml-1, n = 6 - 10 mice per group, * P < 0.01, 905 

HDM-pulsed Lrp1fl/fl; CD11c-Cre DCs versus HDM-pulsed Lrp1fl/fl DCs, one-way ANOVA with 906 

Sidak’s multiple comparison test).  Results shown are pooled data from two independent 907 

experiments.  908 

 909 

Figure 5.  Increased expression of CD86 and TLR5 by CD11c+/ CD11b+ DCs from HDM-910 

challenged Lrp1fl/fl; CD11c-Cre mice.  A) The percentage of CD11c+/Siglec F-/MHC IIhi total 911 

lung DCs and B) the percentage of lung DC monocyte-derived dendritic cells (moDCs), 912 

conventional myeloid dendritic cells (cDCs), CD103+ DCs, and plasmacytoid dendritic cells 913 

(pDCs) subsets as quantified by flow cytometry (P = NS, HDM-challenged Lrp1fl/fl; CD11c-Cre 914 

versus Lrp1fl/fl mice, n= 9 mice per group, unpaired t test). C) Cell surface expression of CD80 915 

and CD86 by lung CD11c+/ CD11b+/ SSClo/SiglecF-/MHC IIhi DCs from HDM-challenged 916 

Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice (n = 8 - 9 mice per group, * P< 0.01, Mann-Whitney 917 

test).  D) Cell surface expression of Dectin1, Dectin 2, CD205, CD206, and DC-SIGN by lung 918 

CD11c+/ CD11b+/ SSClo/SiglecF-/MHC IIhi DCs from HDM-challenged Lrp1fl/fl; CD11c-Cre 919 

versus Lrp1fl/fl mice (n = 4 - 9 mice per group, * P = 0.029, Mann-Whitney test). E) Cell surface 920 

expression of TLR4 and TLR5 by lung CD11c+/ CD11b+/ SSClo/SiglecF-/MHC IIhi DCs from 921 

HDM-challenged Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice (n= 4 - 9 mice per group, *P < 0.05, 922 

unpaired t test).  923 

 924 

Figure 6: Lrp1-deficient DCs have augmented antigen uptake and presentation 925 

capabilities.  A and B) Uptake of Alexa Fluor 647-labeled HDM (50 µg) by 926 

CD11c+/SSClo/SiglecF-/MHCIIhi CD11b+ or CD11b- DCs in the lungs (A) and MLNs (B) of 927 

Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice 72 hours after intranasal administration (n= 10 mice per 928 

group, * P < 0.05, unpaired t test).  C) CD11c+ BMDCs from Lrp1fl/fl and Lrp1fl/fl; CD11c-Cre 929 

mice were pulsed with the OVA 323-339 peptide and incubated at a 1:5 ratio with CFSE-930 

labelled splenic CD4+ DO11.10 T cells for 4 days. OVA-specific proliferation is presented as % 931 

divided OT-II cells (n = 12 – 15 per group, * P < 0.0001, one-way ANOVA with Sidak’s multiple 932 

comparison test).  D) Th2 cytokines released by co-cultures of OVA 323-339 peptide-pulsed 933 
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BMDCs and CFSE-labelled CD4+ DO11.10 T cells (n= 10 per group, * P < 0.05, Lrp1fl/fl; 934 

CD11c-Cre versus Lrp1fl/fl, unpaired t test).  Results shown are pooled data from two 935 

independent experiments. 936 

 937 

 938 
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Repository eTable 1.   Demographics of subjects who participated in the study. 

 

 Healthy, non-asthmatics, 

low eosinophils  

(<260 cells/µl) 

Asthmatics,  

low eosinophils  

(<260 cells/µl) 

Asthmatics,  

high eosinophils 

(>260 cells/µl) 

# of subjects 12 14 12 

Age (years) 53 + 8 42 + 15 49 + 13 

Gender (M/F) 5/7 7/7 5/7 

Severe Asthma  n/a 2 3 

Inhaled Steroids 0 8 10 

Oral Steroids 0 1 0 

Allergy  6 14 12 

FEV1 (liters) 3.32 + 0.7 2.89 + 0.8 2.46 + 0.7 * 

FEV1 (% predicted) 103 + 9 85 + 14 * 81 + 19 * 

FeNO (ppb)  19 + 10 29 + 24 a 33 + 21 b 

IgE (IU/ml) 73 + 93 150 + 194 150 + 150 

Blood eosinophils 

(cells/µl) 

129 + 61 166 + 71 468 + 240 *, ** 

Blood eosinophils (%) 2.4 + 1.4 2.9 + 1.8 6.9 + 3 *, ** 

 

 Data are presented as mean ± standard deviation. 
 
*   P < 0.05 versus Healthy, non-asthmatics. 
** P < 0.05 versus Asthmatics, low-eosinophils. 
One-way ANOVA with Sidak’s multiple comparison test. 
 
a Data available for 13 subjects. 
 
b Data available for 11 subjects. 
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Representative flow cytometric analysis of viable/Lin-/HLA-DR+ dendritic cells in 

peripheral blood of asthmatic subjects. Cellular debris and doublets were excluded 

using physical scatter properties of whole blood cells.  Dead cells were excluded using 

a fixable live-dead exclusion dye. Cell surface expression of LRP-1 was assessed on 

DCs subset that express CD11c+/CD1c+/CD141- (MDC1), CD11c+/CD1c-/CD141+ 

(MDC2), CD11c+/CD16+ (CD16+ DCs), and CD11c-/CD123+ (pDCs). 
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Selective recombination of LRP-1 in CD11c+ cells from Lrp1fl/fl; CD11c-Cre mice.  

A)  LRP-1 expression by SSClo/CD11c+/Siglec F-/F4/80-/MHCIIhi lung DCs and 

SSChi/CD11c+/Siglec F+/F4/80+/MHCIIlo alveolar macrophages from Lrp1fl/fl; CD11c-Cre 

mice were assessed by flow cytometry. LRP-1 expression is markedly reduced by both 

CD11c+ lung DCs and alveolar macrophages isolated from Lrp1fl/fl; CD11c-Cre mice as 

compared to Lrp1fl/fl mice (P < 0.02, Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice, n= 4 - 5 

mice per group, one-way ANOVA with Sidak’s multiple comparison test).  B)  Genomic 

DNA from lung DCs, lung epithelial cells (LECs), splenic DCs, and CD4+ T cells was 

prepared from Lrp1fl/fl and Lrp1fl/fl; CD11c-Cre mice. SSClo/Siglec F-

/CD11c+/CD11b+/MHC IIhi DCs were isolated from lungs and spleens by flow sorting, 

which was also utilized to isolate SSClo/SiglecF-/CD11c-/CD11b-/EpCAMhi/MHCIIlo lung 

epithelial cells and CD3+/CD4+ splenic T cells as previously described1.  PCR analysis 

with primers specific for the recombined allele was performed.  A PCR product 

indicative of deletion of the floxed Lrp1 gene is detected in CD11c+ dendritic cells from 

lungs and spleen, but not from LECs or CD4+ T cells. C) Bone-marrow derived dendritic 

cells and whole lung cell suspensions were prepared from Lrp1fl/fl and Lrp1fl/fl; CD11c-

Cre mice and proteins were subjected to SDS-polyacrylamide gel electrophoresis and 

Western. LRP-1 protein levels are reduced in the BMDCs, but not lung tissue, from 

Lrp1fl/fl; CD11c-Cre mice as compared to Lrp1fl/fl mice, which is consistent with the 

CD11c-specific deletion of LRP-1.  

 

References 

 

1  Mishra A, Brown AL, Yao XL, Yang ST, Park SJ, Liu CY, et al. Dendritic cells induce 

Th2-mediated airway inflammatory responses to house dust mite via DNA-dependent 

protein kinase. Nature Communications 2015; 6:6224. 
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Eosinophilic airway inflammation is dissociated from airway hyperreactivity in 
Lrp1fl/fl; CD11c-Cre mice that were sensitized and challenged by intranasal 
administration of house dust mite without adjuvant.  A) Lrp1fl/fl and Lrp1fl/fl; CD11c-
Cre mice were sensitized and challenged by intranasal administration of 25 µg HDM 
without adjuvant, in 10 µl of saline, 5 days per week, for 5 weeks.  B)  The number of 
total BALF inflammatory cells and inflammatory cell types (eosinophils (Eos), alveolar 
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macrophages (AM), neutrophils (PMN) and lymphocytes (Lymph)) from saline- and 
HDM-challenged Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice (n = 4 - 6 mice per group, * P< 
0.05, HDM-challenged Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl, one-way ANOVA with Sidak’s 
multiple comparison test).  C)  Airway resistance (cm H2O per ml s-1) to inhaled 
methacholine from HDM-challenged Lrp1fl/fl; CD11c-Cre and Lrp1fl/fl mice (n = 4 - 6 mice 
per group).  (P = NS, two-way ANOVA).  D) The number of CD4+/CD25+/FoxP3+ Tregs 
per 106 total lung cells in HDM-challenged Lrp1fl/fl; CD11c-Cre mice and Lrp1fl/fl mice (n 
= 4 - 6 mice per group, *P < 0.05, one-way ANOVA with Sidak’s multiple comparison 
test).  E)  BALF CCL24 levels in HDM-challenged Lrp1fl/fl; CD11c-Cre mice and Lrp1fl/fl 

mice.  (n = 4 – 6 mice per group, *P < 0.01, one-way ANOVA with Sidak’s multiple 
comparison test). 
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The number of lung dendritic cells are not modified in Lrp1fl/fl; CD11c-Cre mice 
that were sensitized and challenged by intranasal administration of house dust 
mite without adjuvant.  Lrp1fl/fl and Lrp1fl/fl; CD11c-Cre mice were sensitized and 
challenged by intranasal administration of 25 µg HDM without adjuvant, in 10 µl of 
saline, 5 days per week, for 5 weeks.  The percentage of lung DC monocyte-derived 
dendritic cells (moDCs), conventional myeloid dendritic cells (cDCs), CD103+ DCs, and 
plasmacytoid dendritic cells (pDCs) subsets were quantified by flow cytometry.  Data 
are shown as number of each DC subset per 106 total lung cells (P = NS, HDM-
challenged Lrp1fl/fl; CD11c-Cre versus Lrp1fl/fl mice, n= 4 - 6 mice per group, one-way 
ANOVA with Sidak’s multiple comparison test). 
 

 

 


