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Abstract

Expression of molecules involved in lipid homeostasis such as the low density lipoprotein receptor (LDLr) on antigen
presenting cells (APCs) has been shown to enhance invariant natural killer T (iNKT) cell function. However, the contribution
to iNKT cell activation by other lipoprotein receptors with shared structural and ligand binding properties to the LDLr has
not been described. In this study, we investigated whether a structurally related receptor to the LDLr, known as LDL
receptor-related protein (LRP), plays a role in iNKT cell activation. We found that, unlike the LDLr which is highly expressed
on all immune cells, the LRP was preferentially expressed at high levels on F4/80+ macrophages (MW). We also show that
CD169+ MWs, known to present antigen to iNKT cells, exhibited increased expression of LRP compared to CD169- MWs. To
test the contribution of MW LRP to iNKT cell activation we used a mouse model of MW LRP conditional knockout (LRP-cKO).
LRP-cKO MWs pulsed with glycolipid alpha-galactosylceramide (aGC) elicited normal IL-2 secretion by iNKT hybridoma and
in vivo challenge of LRP-cKO mice led to normal IFN-c, but blunted IL-4 response in both serum and intracellular expression
by iNKT cells. Flow cytometric analyses show similar levels of MHC class-I like molecule CD1d on LRP-cKO MWs and normal
glycolipid uptake. Survey of the iNKT cell compartment in LRP-cKO mice revealed intact numbers and percentages and no
homeostatic disruption as evidenced by the absence of programmed death-1 and Ly-49 surface receptors. Mixed bone
marrow chimeras showed that the inability iNKT cells to make IL-4 is cell extrinsic and can be rescued in the presence of wild
type APCs. Collectively, these data demonstrate that, although MW LRP may not be necessary for IFN-c responses, it can
contribute to iNKT cell activation by enhancing early IL-4 secretion.
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Introduction

The activation of invariant natural killer T (iNKT) cells has

been shown to impact disease progression in mouse models of

human disease such as multiple sclerosis [1,2], atherosclerosis [3,4]

systemic lupus erythemathosus [5], cancer [6] and pathogenic

infection [7]. In humans and mice, iNKT cells rearrange their T

cell receptor (TCR) to express Va24-Ja18 and Va14-Ja18,

respectively [8]. This allows iNKT cells from both species to

recognize similar glycolipid antigens and elicit potent immune

responses. Unlike conventional adaptive immunity mediated by

CD4+ and CD8+ T cells that requires 4–6 days to initiate, the

activation of iNKT cells occurs quickly after in vivo glycolipid

challenge leading to a rapid secretion of effector cytokines

including IL-4, IL-12 and IFN-c which can be detected as early

as 90 minutes following activation [9]. Additionally, iNKT cell

responses are known to enhance the initial phase of immunity by

increasing NK, B and T cell activation. This effect, known as

immune transactivation, is thought to link innate immunity to

adaptive immune responses [10] capable of fending off infection

[11] and priming effector CD4+ and CD8+ T cells [12]. Therefore,

modulation of iNKT cell responses is a potential therapeutic

approach for cancer, autoimmunity and chronic inflammatory

disorders.

Although research has vastly increased our knowledge of iNKT

cell function, less is known about the cellular components in

antigen presenting cells (APCs) that present glycolipid ligands to

activate iNKT cells. Studies focused on understanding iNKT cell

immunity have shown that proteins classically involved in

lipoprotein metabolism, such as the microsomal triglyceride

transfer protein (MTP) [13], low density lipoprotein receptor

(LDLr) [14], scavenger receptors (SRs) [15], and cholesterol

membrane transporters [16] can modulate iNKT cell homeostasis

and activation. The mechanisms by which MTP, LDLr and SRs

on APCs modulate iNKT cell activation are unknown, but data

suggest a critical role in glycolipid uptake and presentation. MTP

has been shown to be essential in the loading of endogenous lipids

into the hydrophobic pocket of CD1d [17] serving to stabilize this

molecule for appropriate expression. MTP-deficient APCs lack

CD1d expression on the cell surface and iNKT cells fail to develop
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in fetal thymus organ culture when treated with MTP inhibitors

[18]. On the other hand the LDLr binds to apoE present on the

surface of many lipoproteins which can function as vessels for

glycolipid transport. Targeting glycolipid uptake via the LDLr in

APCs enhances CD1d-mediated antigen presentation and leads to

increased iNKT cell activation [14,19]. This shows that molecular

pathways related to lipoprotein homeostasis and metabolism are

closely linked to the modulation of iNKT cell function.

A similar protein to LDLr initially described in lipoprotein

metabolism, but later found to bind approximately 30 different

ligands, is the LDL receptor-related protein (LRP, also referred to

as CD91) [20]. In mice, the LRP was initially discovered in

hepatocytes [21], but is currently thought to be expressed in most

cells of the body, including many immune cells [22–26]. The

expression of LRP on APCs has been shown to enhance the

adaptive immune response by facilitating antigen uptake [27–29]..

LRP can modulate innate immune responses by binding

pseudomonas exotoxin A [30], rhinovirus particles [31] and

collectins [32]. For iNKT cell activation, the LRP may be

important by binding apoE-containing lipoproteins [33], facilitat-

ing processing of the lipid transport proteins called saposins

(necessary for CD1d loading) [34] and/or by interacting with the

endoplasmic chaperone protein calreticulin on the cell’s mem-

brane leading to phagocytosis of opsonized pathogens and

apoptotic bodies [35]. Given these characteristics of LRP and

the fact that it can actively recycle through endocytic compar-

ments [36], we hypothesized that this surface receptor plays an

active role in glycolipid antigen presentation and subsequent

activation of iNKT cells. In this study, we demonstrate that LRP is

highly expressed in specialized macrophages (MWs) capable of

iNKT cell activation. We also show that MW LRP can modulate

iNKT activation in vivo and is necessary for IL-4, but not IFN-c
secretion.

Materials and Methods

Animals
Lysozyme M (LyzM)-Cre+/-,LRPflox/flox (hereafter referred to as

LRP-cKO) mice were a kind gift from Dr. Sergio Fazio

(Department of Medicine, Vanderbilt University Medical Center)

and have been described previously [37]. Briefly, mice harboring

loxP sites flanking the LRP gene [38] were crossed with mice

expressing cre-recombinase under the control of macrophage

LyzM promoter [39]. Littermate LyzM-Cre-/-, LRPfl/fl were used

as wild type (hereafter referred to as WT) controls. For some

experiments, C57Bl/6 mice were used as indicated. B6.PL-Thy1,

a./CyJ mice were obtained from the Jackson Laboratory. All

mice were on the C57BL/6 background. Mice were maintained in

the Vanderbilt University animal care facility and had access to

food and water ad libitum. All procedures were approved by

Vanderbilt University Medical Center’s Institutional Animal Care

and Use Committee.

Cell isolation
Isolation of leukocytes from liver and spleen has been described

previously [40]. In short, spleens were digested with 1 mg/mL

collagenase type II (Sigma) in Hank’s balanced salt solution

(HBSS, Mediatech). Digested spleens were passed through a

70 mm cell strainer and red blood cells lysed by osmotic shock.

Livers were perfused with cold PBS, digested with collagenase type

II and pressed through a 70 mm cell strainer. Hepatic leukocytes

were then isolated from the interface of a 40/60% Percoll gradient

(GE Healthcare, Piscatway, NJ). Peritoneal macrophages were

collected in PBS 3 days after peritoneal injection of 3%

thioglycollate (Fluka).

Flow Cytometry
Single-cell suspensions of mononuclear leukocytes were blocked

for 15 minutes at RT in a 1:50 dilution of Fc receptor block (BD

Biosciences) in FACS buffer (1X HBSS, 1% BSA, 4.1 mM sodium

bicarbonate, and 3 mM sodium azide). The following fluorescently

labeled antibodies were diluted 1:100 in FACS buffer and

incubated with cells for 45 minutes at 4uC: CD11b-V450,

Thy1.1-V450 (1:300 dilution), CD69-FITC, CD1d-PE, CD4-PE,

TCRb-PE, CD8-PerCP, CD45-PerCP, Thy1.2-PeCy7, CD11c-

APC and CD45R-APC-cy7 (all from BD Pharmingen), NK1.1-

PerCP, F4/80-PeCy7 (from eBiosciences) and Siglec-1-PE (Biole-

gend) LY49C/F/H/I (clone 14B11, from BD Biosciences). To

stain iNKT cells, a–galactosylceramide-CD1d tetramers- APC

(NIH tetramer facility) were used. iNKT cells were defined as

TCRb+B220- TCRbint tetramer+. To stain LRP for flow

cytometry, we fluorescently labeled 5A6 LRP clone (gift from

Dr. Dudley Strickland, University of Maryland) with APEX Alexa

Fluor-488 antibody labeling kit (Invitrogen) according to manu-

facturer’s protocol. Conjugated 5A6-Alexa Fluor-488 antibody

was titrated to determine optimal binding dilution. In order to

stain total levels of LRP (surface and intracellular), cells were

stained for surface markers prior to staining with LRP antibody.

Surface labeled cells were then fixed and permeabilized with

Cytofix/Cytoperm (BD Pharmingen) reagents according to

manufacturer’s protocol. Mouse IgG2b-Alexa Fluor 488 as the

matched isotype control (BD Biosciences). Labeled cells were

analyzed on a MACSquant seven-color flow cytometer (Miltenyi

Biotec) and data analyzed with FlowJo software (Tree Star).

Enzyme-linked Immunosorbent Assay
Mouse IL-2, IL-4, IFN-c and IgE were measured by standard

sandwich ELISA according to the manufacturer’s protocol (BD

Pharmingen).

Measurement of In Vitro and In Vivo Responses to aGC
Splenocytes were plated at 2.56105 cells/well in RPMI

(Hyclone) media containing 10% FBS (Sigma), penicillin-strepto-

mycin with 50 mmol/L L-glutamine (Gibco) and 50 mmol/L b-2-

mercaptoethanol (Sigma) with the indicated concentrations of

aGC. Supernatants were collected after 72 hours of culture and

cytokine levels determined by ELISA. For peritoneal MWs,

1.06105 cells/well were incubated with 1.06105 of murine iNKT

hybridoma DN32.D3 (from Dr. Albert Bendelac, University of

Chicago, described in [41]). Supernatants were collected 48 hours

after culture and IL-2 measured by sandwich ELISA. For in vivo
measurements, 4 mg, 1 mg or 0.5 mg aGC reconstituted in vehicle

buffer (0.5% polysorbate) was i.p. injected in a total volume of

200 ml. An equal volume of vehicle was injected in to control mice.

At the specified times following injection, plasma was collected and

splenocytes were isolated, stained and analyzed by flow cytometry.

Pulse of Peritoneal MWs with BODIPY-aGC
Peritoneal MWs (pMWs) were obtained as described previously.

A total of 56105 cells/tube were incubated with 1 mg/mL

BODIPY-aGC (gift from Dr. Paul Savage, Brigham Young

University) and harvested at the time points noted in the text. For

the pulse-chase experiment, pMWs were preincubated with aGC

for 4 hours. After this time, cells were washed an incubated with

BODIPY-aGC.

Effect of Macrophage LRP on NKT Cell Activation
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Generation of mixed bone marrow chimeras
WT Recipient mice were irradiated with 950 rads using a

cesium source and bone marrow from donor mice was

transplanted via retro-orbital injection with a 1:1 mixture

(26106 total cells) from LysMcre+/-, LRPflox/flox (Thy1.2) and

C57BL/6 (Thy1.1) mice. Recipient mice were maintained on

sterile water with sulfamethaxazole-trimetroprim for 3 weeks.

Chimeras were analyzed 4 weeks after transplant.

Immunization with aGC and induction of
Immunoglobulin E (IgE)

Mice were injected with 4 mg/mouse of aGC or vehicle buffer

(0.5% polysorbate). Serum was collected prior to injection and also

6 days after immunization to measure IgE levels.

Endogenous lipid presentation assay
We used DN32.D3 hybridoma (1.06105/well) with thymocytes

(1.06106) in 200 mL/well RPMI for 48 h, supernatants were

collected and IL-2 levels measured by ELISA.

Statistical Analyses
Statistical analyses were conducted using PRISM V.5.0 software

(GraphPad, La Jolla California, USA). For direct comparison

between two groups, an unpaired Student’s t-test was used and for

comparisons made between three or more groups a one-way

analysis of variance (ANOVA) was performed. Values are

expressed as mean 6 standard error of the mean unless otherwise

noted. A p value ,0.05 was considered statistically significant.

Results

LRP is differentially expressed on immune cells
We measured LRP expression on immune cells isolated from

tissues in which iNKT cells are known to reside and encounter

antigen. We collected spleen, liver and lymph nodes from C57Bl/6

mice and stained with fluorescently labeled antibody (5A6) specific

for the 85 KDa subunit of LRP [42]. Flow cytometric analysis

demonstrated that F4/80+ splenic MWs express the highest levels

of LRP (DMFI = 44.762.4) compared to T cells (DMFI

= 1.660.4), B cells (DMFI = 10.46.35) and DCs (DMFI

= 15.160.7) (Figure 1A, B, top row). Similar LRP expression

profiles were observed on immune cells isolated from the liver and

lymph nodes. (Figure 1 A, B middle and bottom rows).

CD169+ MWs express high levels of LRP
Recent reports have shown that MWs expressing sialic acid

binding immunoglobulin-like lectin 1 (Siglec-1, also known as

CD169) can mediate potent activation of iNKT cells in secondary

lymphoid tissues [43]. CD169+ MWs can cross-present tumor

antigens [44] and take up liposomal particles conjugated to

CD169 ligands [45]. One such study demonstrated that aGC

conjugated to CD169 ligands elicited an iNKT cell response two

orders of magnitude higher that administration of free aGC [46].

Interestingly, we found significantly higher LRP expression levels

on F4/80+CD169+ MWs compared to F4/80+CD169- MWs in

spleen (Figure 2A) and liver of C57Bl/6 mice (Figure 2B). These

data demonstrate that LRP is highly expressed on MWs known to

elicit iNKT cell responses.

Conditional knockout leads to deletion of LRP on MWs
In order to test MW LRP function in iNKT cell activation, we

used mice harboring a MW knockout of LRP [37]. In this mouse

model, LRPflox/flox mice were crossed with LyzM-Cre mice, which

have cre recombinase under the control of the lysozyme M

promoter. Flow cytometry staining of splenic and liver MWs

(Figure 3A and 3B) shows that, compared to WT, LRP-cKO mice

have decreased LRP expression on splenic and hepatic MWs (71%

and 68%, respectively). As expected, other immune cells in LRP-

cKO mice such as T cells, B cells and DCs had no reduction of

LRP expression, verifying MW specificity. Further analysis of LRP-

cKO MWs subpopulations showed that CD169+ MWs have a 53%

reduction in LRP expression (Figure 2A-B). Taken together, these

data show that LRP-cKO mice have a deletion of LRP on MW,

including specialized CD169+ that are capable of presenting

antigens to iNKT cells.

LRP deficiency on MWdoes not alter CD1d expression or
iNKT cell homeostasis

We asked whether LRP deletion in MWs leads to changes in

CD1d expression or iNKT cell homeostasis. LRP deletion had no

effect on CD1d expression either on spleen MWs, liver MWs, or

double positive (CD4+CD8+) thymocytes (Figure S1A). Co-

cultures of WT or LRP-cKO thymocytes with iNKT hybridoma

(DN32.D3) led to similar levels of IL-2 secretion (Figure S1B),

showing that LRP-cKO thymocytes have no defects in presenta-

tion of endogenous glycolipid ligands. Analysis of thymic cells

demonstrates normal expression of development markers in LRP-

cKO iNKT cells when compared to WT (Figure S2). Additionally,

iNKT cells, isolated from spleen and liver were present at normal

frequencies (Figure S3A-C) and expressed normal levels of the

prototypic markers of homeostasis and activation (Figure S3D and

S3E). Finally, in vitro uptake of BODIPY-labeled aGC was not

affected by LRP deficiency on MWs as measured by flow

cytometry (Figure S4A and S4B). However, a pulse-chase

experiment where unlabeled aGC was used to pulse perotineal

macrophages (pMWs) prior to chase with BODIPY-aGC showed a

faster turnover of LRP-cKO pMWs as BODIPY-aGC was higher

than WT pMWs (Figure S4C). This difference is observed as early

as 4 hours but reaches statistical significance only at 8 and 16

hours. These data suggests that LRP deletion in MWs does not

affect uptake of glycolipids but can alter cellular glycolipid

turnover.

LRP deficiency on MWs does not affect iNKT activation in
vitro

Although we did not see changes in uptake of aGC by LRP-

deficient MWs, LRP is also important for cell signaling. Therefore,

to determine whether decreased LRP expression modulates iNKT

cell activation, we first harvested thioglycollate-elicited pMWs from

WT and LRP-cKO mice and determined their LRP expression.

Similar to previous reports [37], we found a 63% decrease in LRP

expression on LRP-cKO pMWs when compared to WT (Figure 4A

and B). To measure iNKT cell activation, pMWs were pulsed with

aGC and incubated with iNKT cell hybridoma, DN32.D3, and

secreted IL-2 was measured in 48 hour culture supernatants by

ELISA. We observed a slight but reproducible decrease in IL-2

when iNKT cells were incubated with LRP-cKO pMWs

(Figure 4C). Unfortunately, this did not reach statistical signifi-

cance. In vitro incubation of freshly isolated splenocytes from WT

or LRP-cKO mice with aGC for 24, 48, 72 hours likewise showed

no statistically significant difference in IFN-c or IL-4 levels in

culture supernatants (Figure S5), but a slight reduction in IL-4 at

48 hours of culture. These data suggest that in vitro activation of

iNKT cells by MWs is not dependent of LRP expression.

Effect of Macrophage LRP on NKT Cell Activation
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LRP deficiency alters iNKT cell secretion of IL-4 but not
IFN-c in vivo

Although we did not see an effect of MW-specific deletion of

LRP on in vitro iNKT cell responses to aGC, we were interested

in understanding whether the magnitude and/or kinetics of the in
vivo iNKT cell response to aGC might be altered in LRP-cKO

mice where the spatial integrity of the secondary lymphoid tissues

would remain intact. To do this, we challenged WT and LRP-

cKO mice with aGC (4 mg/mouse i.p.) and measured serum IFN-

c and IL-4 at 2, 12 and 24 hours. ELISA results from this

experiment show the near absence of IL-4 production by iNKT

cells in LRP-cKO mice (Figure 5A) However, the kinetics and

levels of IFN-c were not affected by LRP deficiency on

MWs).Lower doses of aGC (1 mg and 0.5 mg per mouse) did not

recapitulate a similar difference between WT and LRP-cKO mice

(Figure S6). In addition to this we measured a statistically

significant reduction of IL-4+ iNKT cells (Figure 5B) and normal

IFN-c+ iNKT cells (Data not shown) in LRP-cKO cells by

intracellular cytokine stain. The presence of normal IFN-c
responses is supported by similar levels of transactivation of T

cells and NK cells as measured by CD69 upregulation (data not

shown). These results suggest that, in vivo, MW LRP is not

required for IFN-c secretion, but can impact production of IL-4 by

iNKT cells.

Decreased IL-4 expression by iNKT cells in LRP-cKO mice
is cell extrinsic

Although iNKT cells in LRP-cKO mice should not be directly

affected we wanted to confirm that decreased IL-4 production in

response to aGC was not due to an iNKT cell intrinsic deficiency.

To do this we generated bone marrow chimeras using a 1:1 ratio

of bone marrow from Thy1.1 and LRP-cKO mice (Thy1.2)

transplanted into recipient WT mice at a 1:1 ratio. Four weeks

after transplant, mice were injected with aGC and splenocytes

analyzed for intracellular IL-4 cytokine stain. The results from this

experiment (Figure 5C) show the production of IL-4 by Thy1.2+

iNKT cells (LRP-cKO) is rescued to Thy1.1+ iNKT cell levels in

the 1:1 mixed bone marrow chimeras. This result suggests that the

decrease in IL-4 measured in LRP-cKO mice is cell extrinsic and

that iNKT cells from LRP-cKO mice can respond normally in the

presence of LRP-sufficient macrophages.

LRP-cKO mice have a normal IgE response when
challenged with aGC

To determine whether lack of IL-4 response in LRP-cKO mice

to aGC could lead to a deficiency in the adaptive immune

response, we measured production of IgE. It has been established

that a single dose of aGC can lead to a robust increase in the

presence of serum IgE 6 days after aGC injection[47]. To test this,

we injected WT and LRP-cKO mice and obtained serum at day 6

and measured IgE levels by ELISA (Figure 6). Titration curves of

IgE in this experiment show that, despite a lack of early burst of

Figure 1. LRP expression in T cells, B cells, DCs and MWs. (A) Representative histograms for LRP (blue line) versus isotype control (black line)
staining in spleen (top row) liver (middle row) and lymph nodes (bottom row). Mononuclear lymphocytes from from 8-to-12 week old WT mice (n = 4)
were stained with fluorochrome-conjugated antibodies for T cells (TCRb), B cells (B220), DCs (CD11c) and MWs (F4/80). (B) Graphs showing
quantification of mean fluorescent intensity (MFI = LRP Antibody- isotype antibody) of LRP on lineage-specific populations. Symbols represent
individual mice. Bars represent mean and standard error. *** denotes p,0.0001 compared to T cells, B cells and DCs. **denotes p,0.001 compared to
T cells and B cells. P value was determined by a one-way ANOVA with a Bonferroni post-test. Histograms are representative of three separate
experiments with 4 mice each. Scatter plots show individual mice from one representative experiment of three separate experiments.
doi:10.1371/journal.pone.0102236.g001
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IL-4, LRP-cKO mice are still able to produce a normal, although

reduced, IgE response. This result suggests that, while LRP

deficiency in macrophages decreases iNKT cell IL-4 production,

the main cytokine involved in IgE production, it is not necessary

for increased IgE.

Discussion

Several studies have reported that activation of the immune

system can reciprocally regulate the expression of lipoprotein

receptors in APCs. For example, exposure of macrophages to IFN-

c can exert dramatic changes of LRP [48,49], very low density

lipoprotein (VLDL) receptor [50], and scavenger receptors

(SRs)[51]. Far less however, is known about how these changes

Figure 2. LRP expression in CD169+ MWs. (A) Spleen and (B) liver mononuclear lymphocytes from 8-to-12 week old WT mice (n = 4) were
stained with fluorochrome-conjugated antibodies for MWs (F4/80) and CD169. Left panels show dot plots for F4/80 and CD169 and middle panels
show representative histograms of LRP expression (blue line) versus isotype control (black line). Graphs show quantification of mean fluorescent
intensity (MFI = LRP antibody- isotype antibody). Bars represent mean and standard error. **denotes p,0.001. P-value determined by Student’s t-test.
Histograms are from one representative experiment of three separate experiments. Scatter plots show individual animals from one representative
experiment of three.
doi:10.1371/journal.pone.0102236.g002

Effect of Macrophage LRP on NKT Cell Activation
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in lipid-binding receptors might influence immune responses.

LRP’s ubiquitous nature, ligand diversity and involvement in

intracellular signaling cascades allow it to be a receptor capable of

affecting a multitude of cellular processes. Unfortunately, the

examination of LRP’s expression and function has been largely

confined to human cell lines [52,53], mouse cell lines [54,55] and

primary mouse cells [26,37]. The LRPflox/flox mouse model [38]

has allowed a wide number of conditional knockouts which verify

its multicellular distribution and function [29,56,57]. By crossing it

with LyzM-Cre mice, we observed close to a 70% reduction of

LRP in primary cells (Figure 3), which is reminiscent to other

Cre+/- models such as the adipocyte specific aP2-Cre and neuron

specific synapsin-Cre [58]. In all these cases a full deletion was not

observed, but rather a near complete reduction of LRP. In this

study, we show that in the steady state, T cells express low levels of

LRP followed by B cells. DCs express a small amount of LRP, but

MWs express higher levels of LRP (Figure 1). This demonstrates

that on immune cells, LRP expression is largely restricted to

phagocytes and professional APCs supporting its role in antigen

presentation and modulation of immunity.

Using a conditional mouse model of MW LRP knockout, we

show that reduction of LRP expression in MWs does not influence

iNKT activation in vitro (Figure 4C and Figure S5), but abolishes

IL-4 production in vivo (Figure 5). This lack of IL-4 response was

not the result of altered development and/or homeostasis of iNKT

cells (Figure S3). Because we did not observe changes in iNKT cell

activation using single cell suspensions in vitro, but did see a near

absence of early iNKT cell IL-4 production following in vivo
challenge, we hypothesize that spatial orientation of the LRP

expressing macrophages may be important to early iNKT cell

responses. We focused our studies on spleen because 1) marginal

zone macrophages express receptors that allow them to capture

blood borne antigens ([59], 2) spleen contains an elaborate

distribution network which disseminates molecules present in the

blood to white pulp where APCs are located [60], and 3) iNKT

cells that reside in the spleen are exposed to blood borne antigen

within minutes after they enter the bloodstream [43]. Our

attempts to measure iNKT cell activation in liver and LN shortly

after aGC injection were not successful. Therefore, whether iNKT

cells in liver and lymph nodes undergo a similar exposure to blood

borne antigens is an issue that needs to be addressed in future

studies.

Indeed, previous studies have demonstrated that MWs in the

splenic marginal zone (MZ) are the first APCs to activate iNKT

cells in response to blood-borne glycolipids [43]. Using time-lapse

multiphoton microscopy the authors showed that, following

antigen challenge, splenic iNKT cells quickly localize to the MZ

and come into contact with MZ CD169+ MWs. Interestingly, when

Figure 3. LRP-cKO mice exhibit knockout of LRP in MWs. (A) Spleen and liver mononuclear cells from 8-to-12 week old WT and LRP-cKO (n = 4)
were stained with fluorochrome-conjugated antibodies for T cells (TCRb), B cells (B220), DCs (CD11c) and MWs (F4/80). (B) Graphs show quantification
of mean fluorescent intensity (MFI = LRP antibody MFI- isotype antibody MFI) of LRP. Each symbol represents an individual mouse from one
representative experiment of three separate experiments. Bars represent mean and standard error. *** denotes p,0.0001 and ** denotes p,0.001
when comparing WT MWs to LRP-cKO MWs, p value was determined by Student’s t test.
doi:10.1371/journal.pone.0102236.g003
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the MZ integrity was compromised following injection of

clodronate liposomes, a method of MW-specific depletion, there

was a dramatic decrease in iNKT cell cytokine production in

response to in vivo challenge with particulate aGC [41]. In vitro
comparison of antigen presenting efficiency of DCs and MZ MWs

to iNKT cells showed that, although MZ MWs were able to

activate iNKT cells in vitro, DCs were clearly superior. Therefore,

the data suggest that the spatial interaction of iNKT cells with the

MZ MWs soon after injection of aGC is the most plausible

explanation for the observed in vivo decreases in iNKT cell

activation.

More specifically, it is possible that at 2 hours the localization of

LRP-expressing MWs in the MZ induces iNKT cells to secrete IL-

4. However, at later times other APCs (such as DCs) are primarily

responsible for iNKT cell activation and the resulting IFN-c
response. Because in vitro disruption of the spleen to make single

cell suspensions would destroy this spatial integrity allowing for

iNKT cells to be activated by DCs, this decrease in IL-4

Figure 4. LRP deletion in pMWs does not affect IL-2 secretion by iNKT cell hybridomas. (A) Left panel shows representative flow
cytometry dotplots of WT and LRP-cKO macrophages along with histograms showing LRP expression in macrophages (CD11b+) B cells (B220+) and
lineage negative cells from the peritoneal cavity. (B) Quantification of LRP expression in pMWs from WT (n = 3) and LRP-cKO (n = 3) mice. Each data
point represents an individual mouse and results are from one representative experiment of three separate experiments (C) WT (n = 3) and LRP-cKO
(n = 3) pMWs incubated with iNKT cell hybridomas for 48 hours. Each sample well was done in triplicates and IL-2 levels were determined by ELISA.
Results are from one representative experiment of three separate experiments. Shown bars represent mean and standard error.
doi:10.1371/journal.pone.0102236.g004
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production in response to aGC would not be observed. In support

of this hypothesis, our study demonstrates that splenic CD169+

MZ MWs express higher levels of LRP than the CD169- MWs

(Figure 2). Therefore LRP expression in these CD169+ MWs may

influence the early activation of iNKT cells and consequently lead

to decreased IL-4 at 2 hours.

The expression of surface receptors that can direct glycolipid

uptake and subsequent iNKT cell activation suggests multiple

pathways are responsible for delivery to APCs. To date, no specific

receptor has been described that carries out this function. In fact,

the hydrophobic nature of glycolipids prevents their individual

presence in the serum and would require their association to

serum-borne particles. Van Den Elzen et al found that apoE-

containing lipoproteins, specifically VLDL could associate with

iNKT cell activating glycolipids such as aGC’s close family

member galactosyl(a1-2) galactosyl ceramide [14]. The investiga-

tors went on to demonstrate that apoE-associated glycolipid was

efficiently taken up by the LDLr and enhanced iNKT cell

activation. More recent studies demonstrate that, like the LDLr,

other lipid receptors such as scavenger receptor (SRA) can bind

and facilitate uptake of glycolipid antigens by DCs to activate

iNKT cells [15]. Preference for receptor/glycolipid interaction

was determined to be more dependent on chemical structure of

the lipid. Interestingly, both SRA- and LDLr-deficient DCs

showed decreased ability to activate the iNKT cell hybridoma

DN32.D3 in response to aGC in vitro. However, in vivo challenge

of SRA and LDLr-deficient mice with soluble aGC led to the same

blunted IL-4 response we observed in LRP-cKO mice (Figure 5).

How these receptors contribute to such different cytokine

responses remains to be clarified. One possibility is that all three

receptors (LRP, SRA and LDLr) are required for an optimal IL-4

response in vivo. Another may be that loss of any one of these

receptors leads to changes in intracellular lipid compositions and

that the iNKT cell IL-4 response is sensitive to these changes. We

Figure 5. LRP deficiency in MW’s results in normal IFN-c response but decreased IL-4. (A) Mice were challenged with 4 mg aGC/mouse and
serum assayed for IFN-c and IL-4 by ELISA. Data points show standard error and mean. WT (n = 4 and 6 mice for 12 and 24 hour, respectively) and
LRP-cKO (n = 5 and 4 for 12 and 24 hours, respectively), each point represents an individual mouse from a representative experiment of three
separate experiments (B) WT (n = 7) and LRP-cKO mice (n = 8) challenged with 4 mg aGC/mouse or vehicle control. Intracellular cytokine stain was
performed for IL-4 and antibodies for TCRb, B220, and CD1d-aGC-tetramer to select iNKT cells. iNKT cells were defined as TCRbintermediate, B220-,
CD1d-aGC-tetramer+. Each point represents an individual mouse from a representative experiment of three separate experiments. (C) Chimeric mice
were generated by transplanting Thy1.1 and LRP-cKO (Thy1.2) at a 1:1 ratio into LysMCre-/- LRPflox/flox (Thy1.2) recipient mice. Isolation of splenic iNKT
cells and intracellular cytokine stain of IL-4 was performed 4 weeks after transplantation. Dot plots on the left show percentage of Thy1.1+ or Thy1.2+

iNKT cells expressing IL-4. Graph on the right shows quantification of IL-4+ iNKT cells. Data presented from this experiment is the compilation of two
separate experiments where each data point represents a single mouse. Bars show standard error and mean. *** denotes p,0.0001. P-value
determined by Student’s t-test.
doi:10.1371/journal.pone.0102236.g005
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did not observe changes in uptake of BODIPY-aGC in LRP-cKO

MWs in our studies (Figure S4A-B), However, it is possible that this

is the result of the limitation of our in vitro system. Surprisingly, in

a pulse chase experiment, we did see increased appearance of

BODIPY-aGC in LRP-cKO MW indicating that lipid exchange

may be accelerated in the absence of LRP (Figure S4C and S4D).

Therefore, one might hypothesize that more rapid replacement of

aGC with endogenous lipids in LRP-cKO MWs results in a

blunted, early IL-4 response in vivo. Further investigation is

warranted to determine whether there are in vivo changes in

antigen-uptake or whether loss of these receptors affects lipid rafts,

or if other lipid pools important for cell activation are required.

Collectively, this study demonstrates that LRP expression in MWs

does not alter total activation of iNKT cells in vivo but, like the

LDLr and SRA, LRP plays a role in IL-4 secretion by iNKT cells.

This result is remarkable as it suggests a scenario where LRP can be

manipulated to modulate iNKT cell responses. Activation of iNKT

cells has been associated with altered progression of cancer,

autoimmune disorders and atherosclerosis. Understanding how

lipoprotein receptors affect their function can lead to targeted

therapies to harness the immunoregulatory potential of iNKT cells.

Supporting Information

Figure S1 CD1d expression in spleen MWs, liver MWs
and double positive (CD4+ CD8+) thymocytes. (A) Dot plots

(left panels) of pMWs stained with fluorochrome-conjugated

antibodies B cells (B220), and pMWs (CD11b). Representative

histogram (middle) shows LRP expression gated on CD11b+ cells.

Mean fluorescent intensity (LRP antibody – isotype antibody). (B)

ELISA measurement of IL-2 production by DN32.D3 hybridomas

cocultured with WT or LRP-cKO thymocytes. Data points show

standard error and mean. Data is representative of three

independent experiments.

(TIF)

Figure S2 Thymic analysis of iNKT cells. Representative

dot plots (left panels) of thymic cells and quantification (scatter

plots). Cells were stained with fluorochrome conjugated antibodies

for B cells (B220), T cells (TCRb), aGC-CD1d-tetramer, and

homeostatic markers of iNKT cells: NK1.1, CD4, CD28 and

CD40L.

(TIF)

Figure S3 LRP-cKO deficiency in MWs leads to normal
development of iNKT cells. (A) Spleen and (B) liver

mononuclear cells from 8-to-12 week old WT and LRP-cKO

were stained with fluorochrome-conjugated antibodies for T cells

(TCRb), B cells (B220) and CD1d-aGC tetramer. iNKT gate

(TCRb intTet+B220-) shows frequency of iNKT cells. Graphs show

quantification of total iNKT cell number and frequency in (B)
spleen and (C) liver, bars represent mean and standard error.

Spleen (left dot plot) and liver (right dot plot) iNKT cells stained

with (D) PD-1 and (E) Ly-49 fluorochrome conjugated antibod-

ies. Shown are representative histograms gated on iNKT cells.

Results are representative of one experiment from three

independent experiments.

(TIF)

Figure S4 Peritoneal MWs uptake of fluorescently
labeled aGC (BODIPY-aGC). pMWs from WT (n = 3) and

LRP-cKO (n = 4) were incubated with 1 mg/ml of BODIPY-aGC

and harvested at the indicated times. This was followed by

incubation with fluorochrome conjugated antibodies for CD11b,

CD11c and B220. Shown are (A) representative histograms and

(B) MFI quantification in CD11b+CD11c-B220- pMWs pulsed

with unlabeled aGC for four hours and chased with labeled

BODIPY-aGC at the indicated hours. BODIPY-aGC (MFI) was

measured by flow cytometry MWs. (C) Representative histograms

of WT (n = 3) and LRP-cKO (n = 3) and (D) MFI quantification

in CD11b+CD11c-B220- pMWs. Results shown are representative

of an experiment from three independent experiments. Bars

represent mean and standard error and * denotes p,0.05.

(TIF)

Figure 6. Induction of IgE in LRP-cKO mice is normal when compared to WT. Both WT (n = 8) and LRP-cKO (n = 6) mice were challenged with
aGC (4 mg/mouse) and vehicle (WT, n = 3, LRP-cKO n = 2). Blood was collected at 0 and 6 days and total serum IgE levels measured by ELISA. Bars
represent mean and standard error. These results are from one experiment.
doi:10.1371/journal.pone.0102236.g006
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Figure S5 WT and LRP-cKO splenocytes challenged
with aGC. Splenocytes from WT and LRP-cKO mice were

stimulated with indicated concentration of aGC for 24, 48 and

72 hours. Supernatants were assayed for IFN-c and IL-4 by

ELISA. Results are from one representative experiment of three

independent experiments. Data points show standard error and

mean of 3 mice in each group. N.S. stands for data sets that are

statistically not significant.

(TIF)

Figure S6 WT and LRP-cKO mice challenged with aGC.
Mice were challenged with 1 mg and 0.5 mg aGC/mouse and

blood collected at the indicated time points. Serum was assayed for

IFN-c and IL-4 by ELISA. Data points show standard error and

mean. WT (n = 3 for 2, 12 and 24 hours, respectively) and LRP-

cKO (n = 3 for 12 and 24 hours). Results shown are representative

of 3 independent experiments.

(TIF)
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Natural killer T cell activation protects mice against experimental autoimmune

encephalomyelitis. J Exp Med 194: 1801–1811.

2. Jahng AW, Maricic I, Pedersen B, Burdin N, Naidenko O, et al. (2001)

Activation of natural killer T cells potentiates or prevents experimental

autoimmune encephalomyelitis. J Exp Med 194: 1789–1799.

3. Major AS, Wilson MT, McCaleb JL, Ru Su Y, Stanic AK, et al. (2004)

Quantitative and qualitative differences in proatherogenic NKT cells in

apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol 24: 2351–2357.

4. Nakai Y, Iwabuchi K, Fujii S, Ishimori N, Dashtsoodol N, et al. (2004) Natural

killer T cells accelerate atherogenesis in mice. Blood 104: 2051–2059.

5. Zeng D, Liu Y, Sidobre S, Kronenberg M, Strober S (2003) Activation of

natural killer T cells in NZB/W mice induces Th1-type immune responses

exacerbating lupus. J Clin Invest 112: 1211–1222.

6. Crowe NY, Coquet JM, Berzins SP, Kyparissoudis K, Keating R, et al. (2005)

Differential antitumor immunity mediated by NKT cell subsets in vivo. J Exp

Med 202: 1279–1288.

7. Kinjo Y, Tupin E, Wu D, Fujio M, Garcia-Navarro R, et al. (2006) Natural

killer T cells recognize diacylglycerol antigens from pathogenic bacteria. Nat
Immunol 7: 978–986.

8. Bendelac A, Savage PB, Teyton L (2007) The biology of NKT cells. Annu Rev

Immunol 25: 297–336.

9. Fujii S, Shimizu K, Kronenberg M, Steinman RM (2002) Prolonged IFN-

gamma-producing NKT response induced with alpha-galactosylceramide-

loaded DCs. Nat Immunol 3: 867–874.

10. Eberl G, MacDonald HR (2000) Selective induction of NK cell proliferation and

cytotoxicity by activated NKT cells. Eur J Immunol 30: 985–992.

11. Gonzalez-Aseguinolaza G, Van Kaer L, Bergmann CC, Wilson JM, Schmieg J,

et al. (2002) Natural killer T cell ligand alpha-galactosylceramide enhances

protective immunity induced by malaria vaccines. J Exp Med 195: 617–624.

12. Fujii SI, Shimizu K, Smith C, Bonifaz L, Steinman RM (2003) Activation of

natural killer T cells by alpha-galactosylceramide rapidly induces the full

maturation of dendritic cells in vivo and thereby acts as an adjuvant for

combined CD4 and CD8 T cell immunity to a coadministered protein. J Exp

Med 198: 267–279.

13. Dougan SK, Salas A, Rava P, Agyemang A, Kaser A, et al. (2005) Microsomal

triglyceride transfer protein lipidation and control of CD1d on antigen-

presenting cells. J Exp Med 202: 529–539.

14. Van den Elzen P, Garg S, León L, Brigl M, Leadbetter EA, et al. (2005)

Apolipoprotein-mediated pathways of lipid antigen presentation. Nature 437:

906–910.

15. Freigang S, Landais E, Zadorozhny V, Kain L, Yoshida K, et al. (2012)

Scavenger receptors target glycolipids for natural killer T cell activation. J Clin

Invest 122: 3943–3954.

16. Sag D, Wingender G, Nowyhed H, Wu R, Gebre AK, et al. (2012) ATP-binding

cassette transporter G1 intrinsically regulates invariant NKT cell development.

J Immunol 189: 5129–5138.

17. Kaser A, Hava DL, Dougan SK, Chen Z, Zeissig S, et al. (2008) Microsomal

triglyceride transfer protein regulates endogenous and exogenous antigen

presentation by group 1 CD1 molecules. Eur J Immunol 38: 2351–2359.

18. Dougan SK, Rava P, Hussain MM, Blumberg RS (2007) MTP regulated by an

alternate promoter is essential for NKT cell development. J Exp Med 204: 533–

545.

19. Allan LL, Hoefl K, Zheng DJ, Chung BK, Kozak FK, et al. (2009)

Apolipoprotein-mediated lipid antigen presentation in B cells provides a

pathway for innate help by NKT cells. Blood 114: 2411–2416.

20. Lillis AP, Duyn LBVAN, Murphy-ullrich JE, Strickland DK (2008) LDL

Receptor-Related Protein 1 : Unique Tissue-Specific Functions Revealed by

Selective Gene Knockout Studies: 887–918.

21. Herz J, Hamann U, Rogne S, Myklebost O, Gausepohl H, et al. (1988) Surface

location and high affinity for calcium of a 500-kd liver membrane protein closely

related to the LDL-receptor suggest a physiological role as lipoprotein receptor.

EMBO J 7: 4119–4127.

22. Herz J, Strickland DK (2001) Multiligand receptors LRP?: a multifunctional

scavenger and signaling receptor. J Clin Invest 108: 779–784.

23. Descamps O, Bilheimer D, Herz J (1993) Insulin stimulates receptor-mediated

uptake of apoE-enriched lipoproteins and activated alpha 2-macroglobulin in

adipocytes. J Biol Chem 268: 974–981.

24. Boucher P, Gotthardt M, Li WP, Anderson RGW, Herz J (2003) LRP: role in

vascular wall integrity and protection from atherosclerosis. Science (80-) 300:

329–332.

25. Yepes M, Sandkvist M, Moore EG, Bugge TH, Strickland DK, et al. (2003)

Tissue-type plasminogen activator induces opening of the blood-brain barrier via

the LDL receptor – related protein. 112: 1533–1540.

26. Basu S, Binder RJ, Ramalingam T, Srivastava PK (2001) CD91 is a common

receptor for heat shock proteins gp96, hsp90, hsp70, and calreticulin. Immunity

14: 303–313.

27. Bowers EV, Horvath JJ, Bond JE, Cianciolo GJ, Pizzo SV (2009) Antigen

delivery by alpha(2)-macroglobulin enhances the cytotoxic T lymphocyte

response. J Leukoc Biol 86: 1259–1268.

28. Matsutake T, Sawamura T, Srivastava PK (2010) High efficiency CD91- and

LOX-1-mediated re-presentation of gp96-chaperoned peptides by MHC II

molecules. Cancer Immun 10: 7.

29. Lillis AP, Greenlee MC, Mikhailenko I, Pizzo SV, Tenner AJ, et al. (2008)

Murine low-density lipoprotein receptor-related protein 1 (LRP) is required for

phagocytosis of targets bearing LRP ligands but is not required for C1q-

triggered enhancement of phagocytosis. J Immunol 181: 364–373.

30. Kounnas MZ, Morris RE, Thompson MR, FitzGerald DJ, Strickland DK, et al.

(1992) The alpha 2-macroglobulin receptor/low density lipoprotein receptor-

related protein binds and internalizes Pseudomonas exotoxin A. J Biol Chem

267: 12420–12423.

31. Hofer F, Gruenberger M, Kowalski H, Machat H, Huettinger M, et al. (1994)

Members of the low density lipoprotein receptor family mediate cell entry of a

minor-group common cold virus. Proc Natl Acad Sci U S A 91: 1839–1842.

32. Vandivier RW, Ogden CA, Fadok VA, Hoffmann PR, Brown KK, et al. (2002)

Role of surfactant proteins A, D, and C1q in the clearance of apoptotic cells in

vivo and in vitro: calreticulin and CD91 as a common collectin receptor

complex. J Immunol 169: 3978–3986.

33. Kowal RC, Herz J, Goldstein JL, Esser V, Brown MS (1989) Low density

lipoprotein receptor-related protein mediates uptake of cholesteryl esters derived

from apoprotein E-enriched lipoproteins. Proc Natl Acad Sci U S A 86: 5810–

5814.

34. Kiss RS, Ma Z, Nakada-Tsukui K, Brugnera E, Vassiliou G, et al. (2006) The

lipoprotein receptor-related protein-1 (LRP) adapter protein GULP mediates

trafficking of the LRP ligand prosaposin, leading to sphingolipid and free

cholesterol accumulation in late endosomes and impaired efflux. J Biol Chem

281: 12081–12092.

35. Sim RB, Moestrup SK, Stuart GR, Lynch NJ, Lu J, et al. (1998) Interaction of

C1q and the collectins with the potential receptors calreticulin (cC1qR/collectin

receptor) and megalin. Immunobiology 199: 208–224.

36. Li Y, Lu W, Marzolo MP, Bu G (2001) Differential functions of members of the

low density lipoprotein receptor family suggested by their distinct endocytosis

rates. J Biol Chem 276: 18000–18006.

37. Overton CD, Yancey PG, Major AS, Linton MF, Fazio S (2007) Deletion of

macrophage LDL receptor-related protein increases atherogenesis in the mouse.

Circ Res 100: 670–677.

38. Rohlmann A, Gotthardt M, Hammer RE, Herz J (1998) Inducible inactivation

of hepatic LRP gene by cre-mediated recombination confirms role of LRP in

clearance of chylomicron remnants. J Clin Invest 101: 689–695.

39. Clausen BE, Burkhardt C, Reith W, Renkawitz R, Förster I (1999) Conditional

gene targeting in macrophages and granulocytes using LysMcre mice.

Transgenic Res 8: 265–277.

Effect of Macrophage LRP on NKT Cell Activation

PLOS ONE | www.plosone.org 10 July 2014 | Volume 9 | Issue 7 | e102236



40. Kim S, Lalani S, Parekh VV, Vincent TL, Wu L, et al. (2008) Impact of bacteria

on the phenotype, functions, and therapeutic activities of invariant NKT cells in

mice. J Clin Invest 118: 2301–2315.

41. Chiu YH, Jayawardena J, Weiss A, Lee D, Park SH, et al. (1999) Distinct subsets

of CD1d-restricted T cells recognize self-antigens loaded in different cellular

compartments. J Exp Med 189: 103–110.

42. Strickland DK, Ashcom JD, Williams S, Burgess WH, Migliorini M, et al. (1990)

Sequence identity between the alpha 2-macroglobulin receptor and low density

lipoprotein receptor-related protein suggests that this molecule is a multifunc-

tional receptor. J Biol Chem 265: 17401–17404.

43. Barral P, Sánchez-Niño MD, van Rooijen N, Cerundolo V, Batista FD (2012)

The location of splenic NKT cells favours their rapid activation by blood-borne

antigen. EMBO J 31: 2378–2390.

44. Asano K, Nabeyama A, Miyake Y, Qiu CH, Kurita A, et al. (2011) CD169-

positive macrophages dominate antitumor immunity by crosspresenting dead

cell-associated antigens. Immunity 34: 85–95.

45. Chen WC, Kawasaki N, Nycholat CM, Han S, Pilotte J, et al. (2012) Antigen

delivery to macrophages using liposomal nanoparticles targeting sialoadhesin/

CD169. PLoS One 7: e39039.

46. Kawasaki N, Vela JL, Nycholat CM, Rademacher C, Khurana A, et al. (2013)

Targeted delivery of lipid antigen to macrophages via the CD169/sialoadhesin

endocytic pathway induces robust invariant natural killer T cell activation. Proc

Natl Acad Sci U S A 110: 7826–7831.

47. Singh N, Hong S, Scherer DC, Serizawa I, Burdin N, et al. (1999) Cutting edge:

activation of NK T cells by CD1d and alpha-galactosylceramide directs

conventional T cells to the acquisition of a Th2 phenotype. J Immunol 163:

2373–2377.

48. Hussaini IM, LaMarre J, Lysiak JJ, Karns LR, VandenBerg SR, et al. (1996)

Transcriptional regulation of LDL receptor-related protein by IFN-gamma and

the antagonistic activity of TGF-beta(1) in the RAW 264.7 macrophage-like cell

line. J Leukoc Biol 59: 733–739.

49. Gorovoy M, Gaultier A, Campana WM, Firestein GS, Gonias SL (2010)

Inflammatory mediators promote production of shed LRP1/CD91, which

regulates cell signaling and cytokine expression by macrophages. J Leukoc Biol

88: 769–778.

50. Kosaka S, Takahashi S, Masamura K, Kanehara H, Sakai J, et al. (2001)

Evidence of macrophage foam cell formation by very low-density lipoprotein
receptor: interferon-gamma inhibition of very low-density lipoprotein receptor

expression and foam cell formation in macrophages. Circulation 103: 1142–

1147.
51. Geng YJ, Hansson GK (1992) Interferon-gamma inhibits scavenger receptor

expression and foam cell formation in human monocyte-derived macrophages.
J Clin Invest 89: 1322–1330.

52. Grimsley PG, Quinn KA, Chesterman CN, Owensby DA (1997) Low density

lipoprotein receptor-related protein (LRP) expression varies among Hep G2 cell
lines. Thromb Res 88: 485–498.

53. Gudleski-O’Regan N, Greco TM, Cristea IM, Shenk T (2012) Increased
expression of LDL receptor-related protein 1 during human cytomegalovirus

infection reduces virion cholesterol and infectivity. Cell Host Microbe 12: 86–96.
54. Gardai SJ, McPhillips KA, Frasch SC, Janssen WJ, Starefeldt A, et al. (2005)

Cell-surface calreticulin initiates clearance of viable or apoptotic cells through

trans-activation of LRP on the phagocyte. Cell 123: 321–334.
55. Pawaria S, Binder RJ (2011) CD91-dependent programming of T-helper cell

responses following heat shock protein immunization. Nat Commun 2: 521.
56. Basford JE, Moore ZWQ, Zhou L, Herz J, Hui DY (2009) Smooth muscle LDL

receptor-related protein-1 inactivation reduces vascular reactivity and promotes

injury-induced neointima formation. Arterioscler Thromb Vasc Biol 29: 1772–
1778.

57. Xu G, Green CC, Fromholt SE, Borchelt DR (2012) Reduction of low-density
lipoprotein receptor-related protein (LRP1) in hippocampal neurons does not

proportionately reduce, or otherwise alter, amyloid deposition in APPswe/
PS1dE9 transgenic mice. Alzheimers Res Ther 4: 12.

58. May P, Rohlmann A, Bock HH, Zurhove K, Marth JD, et al. (2004) Neuronal

LRP1 functionally associates with postsynaptic proteins and is required for
normal motor function in mice. Mol Cell Biol 24: 8872–8883.

59. Geijtenbeek TBH, Groot PC, Nolte MA, van Vliet SJ, Gangaram-Panday ST, et
al. (2002) Marginal zone macrophages express a murine homologue of DC-

SIGN that captures blood-borne antigens in vivo. Blood 100: 2908–2916.
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