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SUMMARY

Autoimmune diseases such as systemic lupus ery-
thematosus (SLE) are associated with increased
cardiovascular disease and reduced plasma high-
density lipoprotein (HDL) levels. HDL mediates
cholesterol efflux from immunecells via theATPbind-
ing cassette transportersA1 andG1 (ABCA1/G1). The
significance of impaired cholesterol efflux pathways
in autoimmunity is unknown. We observed that
Abca1/g1-deficientmicedevelop enlarged lymphno-
des (LNs) and glomerulonephritis suggestive of SLE.
This lupus-like phenotype was recapitulated in mice
with knockouts of Abca1/g1 in dendritic cells (DCs),
but not inmacrophages or T cells. DC-Abca1/g1 defi-
ciency increased LN and splenic CD11b+ DCs, which
displayed cholesterol accumulation and inflamma-
some activation, increased cell surface levels of
the granulocyte macrophage-colony stimulating fac-
tor receptor, and enhanced inflammatory cytokine
secretion. Consequently, DC-Abca1/g1 deficiency
enhanced T cell activation and Th1 and Th17 cell
polarization. Nlrp3 inflammasome deficiency dimin-
ished the enlarged LNs and enhanced Th1 cell polar-
ization. These findings identify an essential role of DC
cholesterol efflux pathways in maintaining immune
tolerance.

INTRODUCTION

Plasma high-density lipoproteins (HDL) concentrations are

reduced in patients with systemic lupus erythematosus (SLE)

and rheumatoid arthritis (RA) (Norata et al., 2012). These patients

have an increased risk of cardiovascular disease (CVD) that

cannot be explained by traditional risk factors (Asanuma et al.,

2003; Roman et al., 2003; Skeoch and Bruce, 2015). Recent

studies have suggested that the capacity of HDL to function as

an acceptor for cholesterol efflux is a better predictor of incident
CVD than plasma HDL cholesterol concentrations (Khera et al.,

2011; Rohatgi et al., 2014). Interestingly, RA disease activity is

inversely correlated with the capacity of HDL to function as an

acceptor for cellular cholesterol efflux (Ronda et al., 2014). Apoli-

poprotein A1 (ApoA1) and HDL mediate the efflux of cholesterol

from immune cells via the ATP binding cassette transporters

A1 and G1 (ABCA1 and ABCG1) (Yvan-Charvet et al., 2007).

Whether lowHDL and efflux pathways have a causal relationship

to autoimmune diseases is unknown.

An almost complete absence of HDL due to deletion of the

apoA1 gene, when combined with genetic and dietary hypercho-

lesterolemia, leads to a partial autoimmune phenotype, charac-

terized by cholesterol engorged, enlarged lymph nodes (LNs),

increased plasma autoantibodies to double-stranded DNA

(dsDNA), and T cell activation (Wilhelm et al., 2009), suggesting

a link between cellular cholesterol accumulation and autoimmu-

nity. Moreover, cholesterol efflux pathways mediated by ABCG1

in T cells have been implicated in T cell proliferative responses

and acquired immunity (Armstrong et al., 2010; Bensinger

et al., 2008). Autoimmune phenotypes including glomerulone-

phritis have also been observed in mice with macrophage defi-

ciency of retinoic X receptor a (Rxra) or peroxisome proliferator

activated receptor g (Pparg), or whole body deficiency of liver

X receptor a and b (Lxra and Lxrb) (N-Gonzalez et al., 2009;

Roszer et al., 2011). Conversely, treatment with an LXR activator

inhibited the development of enlarged LNs and glomerulone-

phritis in a mouse model of SLE, thus ameliorating autoimmunity

(N-Gonzalez et al., 2009). The lupus-like phenotypes were

attributed to defective macrophage efferocytosis (the uptake

of apoptotic bodies), reflecting reduced expression of MerTK,

which is an LXR/RXR target mediating efferocytosis (N-Gonzalez

et al., 2009; Roszer et al., 2011). The cholesterol efflux promoting

ATP binding cassette transporters ABCA1 and ABCG1 are also

key transcriptional targets of LXR/RXR (Costet et al., 2000; Ken-

nedy et al., 2005; Wang et al., 2004), suggesting that defective

cellular cholesterol efflux could be involved in the autoimmune

phenotypes associated with Lxr deficiency.

We have developed Abca1fl/flAbcg1fl/fl mice, which when

crossed with appropriate Cre-expressing strains lead to choles-

terol accumulation in specific cell types (Westerterp et al., 2012).

To investigate a potential role of immune cell cholesterol
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Figure 1. Glomerulonephritis and Enlarged

Lymph Nodes in 40-Week-Old Abca1–/–

Abcg1–/– Mice on Chow Diet

Lymph nodes (LNs) and kidneys were collected.

Kidneys were embedded in paraffin, sectioned,

and stained with H&E and periodic acid-Schiff

(PAS).

(A) Glomerulonephritis in Abca1�/�Abcg1�/� and

wild-type littermate mice. Fibrinoid necrosis is

indicated. Representative pictures of n = 5 mice.

(B) Enlarged LNs in Abca1�/�Abcg1�/� mice

compared with wild-type controls. n = 5; represen-

tative pictures of three independent experiments.
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accumulation in autoimmunity, we first assessed autoimmune

phenotypes in mice with Abca1/g1 deficiency. This revealed

enlarged LNs and glomerulonephritis, suggestive of an autoim-

mune phenotype. However, autoimmune activation was not

due to deficiency of transporters in macrophages or T cells,

but rather in dendritic cells (DCs). DC-Abca1/g1 deficiency

enlarged the CD11b+ DC population, reflecting increased cell

surface expression of the common b subunit of the GM-CSF/

IL-3 receptor and enhanced proliferation. Abca1/g1-deficient

CD11b+ DCs displayed inflammasome activation and enhanced

secretion of inflammatory cytokines, leading to expansion of

T and B cell subsets in the spleen and LNs. Deficiency of the

NOD-like receptor family pyrin domain containing 3 (Nlrp3) in-

flammasome partly reversed the enlarged LNs in DC-Abca1/g1

deficiency, as well as the increase in interleukin-1b (IL-1b) secre-

tion and Th1 expansion, indicating that this pathway contributes

to aspects of the autoimmune phenotype in DC-Abca1/g1

deficiency.

RESULTS

Abca1–/–Abcg1–/– Mice and Mice with DC Abca1/g1

Deficiency Develop an Autoimmune Phenotype
To assess a potential role of cellular cholesterol efflux pathways

in acquired immune responses, we characterized mice with

general deficiency of Abca1/g1 for autoimmune phenotypes.

At 40 weeks of age, chow-fed Abca1�/�Abcg1�/� mice showed

dramatic glomerulonephritis, with enlarged glomeruli, mesangial

expansion, diffuse and global endocapillary proliferation, and

obliterated capillary lumina. Higher-power images showed infil-

trating mononuclear and polymorphonuclear leukocytes in the

glomeruli as well as fibrinoid necrosis (Figure 1A). Abca1�/�

Abcg1�/� mice also showed enlarged LNs (Figure 1B), consis-

tent with autoimmunity.

To determine which immune cell types might be responsible

for these findings, we prepared mice with knockout of both

transporters in macrophages, T cells, or DCs by crossing

Abca1fl/flAbcg1fl/fl mice with LysmCre, LckCre, or CD11cCre

mice, respectively. These mice are referred to as MAC-ABCDKO,

T-ABCDKO, or DC-ABCDKO mice, respectively, with the caveat

that LysmCre and CD11cCre are also partially deleted in

monocytes and neutrophils, and CD11cCre also in a subset of

macrophages (Stranges et al., 2007; Westerterp et al., 2013).

In each case, these mice were compared with floxed controls,

all in the C57BL6/J background. Abca1 and Abcg1 mRNA

expression was reduced by >90% in DCs from DC-ABCDKO
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mice, by >80% in CD4+ T cells from T-ABCDKO mice (Figures

S1A–S1C), and by >90% in macrophages from MAC-ABCDKO

mice (Westerterp et al., 2013). Surprisingly, after 40 weeks of

chow diet feeding, kidneys from DC-ABCDKO mice showed evi-

dence of autoimmune glomerulonephritis (Figure 2A), while kid-

neys from MAC-ABCDKO or T-ABCDKO mice did not show signif-

icant pathology (Figures 2B and 2C). Ten out of ten kidneys from

DC-ABCDKO mice showed evidence of autoimmune glomerulo-

nephritis, indicating the consistency of this phenotype. Because

of a gender bias in autoimmune glomerulonephritis (Kim et al.,

2011), we only included female mice in these studies. Further

characterization of the glomeruli of DC-ABCDKO mice showed

increased staining for various immunoglobulin classes (IgG,

IgM, IgA) and complement components (C3 and C1) in the

mesangium and peripheral glomerular capillary walls, compared

with glomeruli from controls (Figure 2D). The ‘‘full house’’ positive

staining for all these five immune reactants closely resembles

that seen in active human lupus nephritis (Weening et al.,

2004). The increased deposits of IgG, IgM, and IgA in glomeruli

of DC-ABCDKO mice were associated with increased plasma au-

toantibodies to IgG + IgM + IgA dsDNA, which was not observed

in MAC-ABCDKO or T-ABCDKO mice (Figure 2E). In addition,

DC-ABCDKO mice, but not MAC-ABCDKO or T-ABCDKO mice, ex-

hibited enlarged LNs (Figure 2F), and a temporal increase in

plasma IgM and IgG (Figures S1D and S1E). At 20 weeks of

age, DC-ABCDKO mice demonstrated only mild mesangial

expansion, indicating that the phenotype develops with age,

similar to other mouse models developing spontaneous lupus

glomerulonephritis (Kim et al., 2011; N-Gonzalez et al., 2009),

and paralleling the temporal increase in plasma IgMand IgG (Fig-

ures S1D and S1E). DC-ABCDKO mice also had compromised

renal function, reflected by increased plasma levels of blood

urea nitrogen, creatinine, and uric acid (Figures S1F–S1H).

These characteristics all resemble an SLE phenotype. Increased

plasma dsDNA antibodies combined with characteristic

nephritis is a sufficient criterion for diagnosis of SLE in humans

(Petri et al., 2012). Our findings suggest a major role for ABCA1

and ABCG1 expression in DCs in maintaining immune tolerance

and preventing autoimmune glomerulonephritis.

Abca1/g1 Deficiency Enhances Cholesterol
Accumulation in DCs
We evaluated lipid accumulation in Abca1/g1-deficient DCs.

DC-Abca1/g1 deficiency increased BODIPY staining in splenic

CD11b+ DCs (Figures S1I and S1J), and LNs from DC-ABCDKO

mice showed marked enlargement and oil red O staining,



Figure 2. Lupus Glomerulonephritis and

Characteristics of an Autoimmune Pheno-

type in Mice with DC but Not Macrophage

or T Cell Abca1/g1 Deficiency

Mice were fed chow diet for 40 weeks and kid-

neys, plasma, and LNs were collected. Kidneys

were embedded in paraffin, sectioned and stained

with H&E and PAS or frozen in OCT, sectioned,

and stained as indicated.

(A) Glomerulonephritis in DC-ABCDKO mice. Wire

loop deposits (middle panel), infiltrating leuko-

cytes (upper arrow, lower panel) and mesangial

hypercellularity (lower arrow, lower panel) are

indicated.

(B and C) No glomerulonephritis phenotype in

MAC-ABCDKO (B) and T-ABCDKO (C) mice.

(D) Immunoglobulin (IgG, IgM, IgA) and comple-

ment components 1 and 3 (C1 and C3) deposits

are increased in glomeruli of DC-ABCDKO mice. (A)

are representative pictures of n = 10 mice; (B–D)

are representative pictures of n = 5 mice.

(E) Increased plasma levels of autoantibodies to

dsDNA in DC-ABCDKO, but not MAC-ABCDKO or

T-ABCDKOmice. n = 6–10. ***p < 0.001 by one-way

ANOVA with Bonferroni post-test.

(F) Increased LN mass in DC-ABCDKO, but not

MAC-ABCDKO or T-ABCDKO mice. n = 4–8. ***p <

0.001 by one-way ANOVA with Bonferroni post-

test. Data in (E–F) are presented as mean ± SEM.

See also Figure S1.
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suggesting neutral lipid accumulation in DCs, i.e., DC ‘‘foam

cells’’ (Figure S1K). DC-ABCDKO LN DCs isolated using

CD11c+ beads and bone marrow-derived DCs also showed

evidence of unesterified cholesterol accumulation, as deduced

from enzymatic assays or increased filipin staining (Figures

S1L–S1N). Possibly as a result of these findings, plasma total

cholesterol levels were decreased in DC-Abca1/g1-deficient

mice (Figure S1O).

DC-Abca1/g1 Deficiency Increases T Cell Activation
We next determined potential mechanisms responsible for

development of autoimmunity in DC-ABCDKO mice. Blood

CD4+ and CD8+ T cells from DC-ABCDKO mice showed

increased activation as reflected by a temporal increase in the

percentage of CD44hiCD62Llo CD4+ and CD8+ T cells (Figures

3A–3D), accompanied by increased staining for CXCR3 (Figures

3E and 3F). DC-ABCDKO mice also showed increased CD4+ and

CD8+ T cell activation in LNs (Figure 3G) and spleen (Figure 3H).
The percentage of CD4+ and CD8+ T cells

in DC-ABCDKO mice was similar to con-

trols in blood, and T cell numbers were

similar in spleen, but increased in LNs

(Figures S2A–S2D). While T cells from

control mice did not show proliferation,

we observed a low level of proliferation

in LN T cells from DC-ABCDKO mice,

possibly accounting for the increase in

LN size (Figures S2E and S2F). Likely,

mainly the CD44hiCD62Llo T cells show

enhanced proliferation, as has been
described (Tough et al., 1999). Splenic and LN-regulatory

T cells (Tregs) were also increased (Figures S2G and S2H), prob-

ably related to an increase in IL-2 mRNA levels (Figure S2I) in

CD44hiCD62Llo CD4+ T cells (Boyman and Sprent, 2012).

Expression profiling in DCs (Gautier et al., 2012) shows

that all types of DCs have relatively high expression of Abcg1

with mostly lower expression of Abca1 (Figure S3A). However,

ABCA1 and ABCG1 display overlapping functions and show

mutual compensation (Yvan-Charvet et al., 2007), and we found

that deficiency of both transporters was required for T cell acti-

vation (Figures S3B and S3C), consistent with the previous

finding that deletion of ABCA1 or ABCG1 alone did not lead to

autoimmune glomerulonephritis (N-Gonzalez et al., 2009).

DC-Abca1/g1 Deficiency Does Not Affect Antigen
Presentation
DCs present antigen to T cells, which requires the interaction of

the MHCII complex on DCs with the T cell receptor on T cells, as
Cell Metabolism 25, 1–11, June 6, 2017 3



Figure 3. DC-ABCDKOMice Show Increased

T Cell Activation

Blood, LNs, and spleen were collected; LNs and

spleen digested using collagenase, and stained

with the indicated antibodies and analyzed by flow

cytometry.

(A and B) Representative dot plot of activated

CD44+CD62L� CD4+ (A) and CD8+ (B) T cells in

blood.

(C and D) Time course of increasedCD44+CD62L�

CD4+ (C) and CD8+ (D) T cell activation in blood of

DC-ABCDKO mice. n = 8.

(E and F) Increased CXCR3 on CD4+ and CD8+

T cells in blood. (E) Representative plot. (F)

CXCR3+ CD4+ and CD8+ T cells. n = 8. Mice were

killed after 30 weeks of chow diet.

(G) Increased CD44+CD62L� CD4+ and CD8+

T cell activation in inguinal LNs of DC-ABCDKO

mice. n = 5.

(H) Increased CD44+CD62L� CD4+ and CD8+

T cell activation in the spleen of DC-ABCDKO mice.

n = 7.

***p < 0.001 and *p < 0.05 by t test. Data in (C–D

and F–H) are presented as mean ± SEM. See also

Figures S2 and S3.
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well as co-stimulatory signals such as those mediated by CD80/

86 (Freeman et al., 1993). DC-Abca1/g1 deficiency increased

CD11b+, but not CD8a+ DCs (Figures 4A–4C), and did not affect

DC surface levels of MHCII (Figures 4D and 4E), while moder-

ately increasing DC surface levels of CD80/86, mainly on

CD11b+ DCs (Figures S4A and S4B), and not affecting DC sur-

face levels of PDL-1 on CD11b+ DCs (Figure S4C). We then

investigated whether the CD11b+ DCs from DC-ABCDKO mice

displayed enhanced antigen presentation. We first immunized

DC-ABCDKO mice and their controls with ovalbumin (ova)-

peptide and then performed an adoptive transplantation with

CD90.1+CD4+OT-II T cells that specifically recognize ova-MHCII

complexes. To monitor proliferation, CD90.1+OT-II CD4+ T cells

were labeled with carboxyfluorescein succinimidyl ester (CFSE).

We observed similar dilution of the CFSE label in CD90.1+CD4+

T cells in DC-ABCDKO mice and their controls, in both LNs and

spleen, indicating no difference in antigen presentation (Figures

4F and 4G). We found that the CD90.1+ marker was essential in
4 Cell Metabolism 25, 1–11, June 6, 2017
distinguishing CFSE-diluted CD4+OT-II

cells from the enlarged resident T cell

population in DC-ABCDKO mice (results

not shown), thus allowing for proper inter-

pretation of the antigen presentation

experiments. In vivo, several types of an-

tigen-presenting cells are present, and

therefore we also investigated whether

DC-Abca1/g1 deficiency affected anti-

gen presentation in GM-CSF-differenti-

ated bone marrow-derived CD11b+

DCs, with or without lipopolysaccharide

treatment (mature and immature DCs,

respectively). We incubated these DCs

with ova-peptide in the presence of

CFSE-labeled CD4+OT-II T cells and
found a similar CFSE dilution of T cells incubated with DC-

ABCDKO compared with control DCs, both for immature and

mature DCs (Figures S4D and S4E), indicating that DC-Abca1/

g1 deficiency also does not affect antigen presentation in vitro.

Hence, the increased T cell activation in DC-ABCDKO mice

cannot be explained by enhanced antigen presentation. These

results are in line with previous observations showing that

hypercholesterolemia in Ldlr�/� or Apoe�/� mice or cholesterol

loading of DCs with modified LDL did not affect antigen presen-

tation (Packard et al., 2008).

DC-Abca1/g1Deficiency Activates the Inflammasome in
CD11b+ DCs
We next explored a potential role of inflammatory pathways in

the lupus-like phenotype of DC Abca1/g1 deficiency. Abca1/g1

CD11b+ DCs show increased cytokine expression in response

to Toll-like receptor (TLR) 3/4 ligands (Westerterp et al., 2012).

This may have contributed to T cell activation and proliferation



Figure 4. DC Abca1/g1Deficiency Does Not

Affect Antigen Presentation

Control and DC-ABCDKO mice were 20 weeks old.

Spleens were isolated, stained with the indicated

antibodies, and analyzed by flow cytometry.

(A and B) Gating strategy of splenic CD11c+

MHCII+CD8a+ and CD11c+MHCII+CD11b+ DCs.

(C) Total splenic CD8a+ and CD11b+ DCs. n = 10.

(D and E) Expression of MHCII on CD8a+ and

CD11b+ DCs. n = 6.

(F and G) Antigen presentation. Mice were immu-

nized with ova-peptide. At 24 hr after injection,

CD4+ OT-II cells from CD90.1 mice were isolated

and labeled with CFSE. A total of 23 106 cells was

injected permouse and, 72 hr after injection, CFSE

dilution in CD90.1+CD4+ T cells was assessed in

spleen and inguinal LNs. Representative CFSE

dilutions are shown (F) and quantified (G). n = 4.

Data in (C, E, and G) are presented as mean ±

SEM. **p < 0.01, by t test. See also Figure S4.
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(Tough et al., 1999); however, deficiency of Trif orMyd88 did not

reverse T cell activation (Figures S4F–S4G) or the enlarged LN

size in DC-ABCDKO mice (results not shown), possibly because

of mutual compensation. TLR activation together with choles-

terol accumulation activates the NLRP3 inflammasome in

immune cells (Sheedy et al., 2013), mediating the secretion of

IL-1b and IL-18. The inflammasome is required for IL-18 produc-

tion, and deficiency of its central enzyme, caspase-1, inhibits

lupus glomerulonephritis in mice (Kahlenberg et al., 2014). We

found that DC-Abca1/g1 deficiency enhanced intracellular pro-

IL-1b levels in splenic CD11c+CD11b+MHCII+ cells (Figures 5A

and 5B), as well as pro-IL-1b and Nlrp3 mRNA (Figures 5C and

5D), indicative of inflammasome priming and likely a conse-

quence of TLR activation (Westerterp et al., 2012). To examine

whether DC-Abca1/g1 deficiency activated the inflammasome,

we used beads to isolate CD11b+ cells, >50% of which show

expression of CD11c and MHCII (not shown), and measured

caspase-1 cleavage, a hallmark of inflammasome activation.

We observed that DC-Abca1/g1 deficiency enhanced cas-
pase-1 cleavage in splenic CD11b+

DCs, and also in LNCD11b+ DCs (Figures

5E–5H). MAC-Abca1/g1 deficiency did

not affect caspase-1 cleavage in LN

CD11b+ DCs (Figures 5G and 5H), indi-

cating that the inflammasome activation

in LNs was specific for DCs. DC-Abca1/

g1 deficiency also increased IL-18

plasma levels (Figure 5I), further substan-

tiating inflammasome activation in DC-

ABCDKO mice. DC-Abca1/g1 deficiency

also increased secretion of IL-1b and IL-

18 from splenic CD11b+ cells (Figures

5J and 5K). This was reversed by treat-

ment with reconstituted HDL (rHDL) (Fig-

ures 5J and 5K), which can promote

cholesterol efflux via passive diffusion,

confirming that inflammasome activation

depends on cholesterol accumulation in
Abca1/g1-deficient DCs. In addition, DC-Abca1/g1 deficiency

increased splenic Tbet
+CD4+ T cells (Figures 5L and S5), sug-

gesting skewing of T cells toward Th1 cells, consistent with

increased DC IL-18 secretion (Ghayur et al., 1997). Thus, choles-

terol accumulation in ABCDKO DCs leads to inflammasome acti-

vation, increased secretion of IL-1b and IL-18, and skewing of

T cells toward a Th1 phenotype. Interestingly, IL-18 levels are

markedly elevated in human SLE, and inflammasome activation

contributes to lupus glomerulonephritis in mice (Kahlenberg and

Kaplan, 2014; Kahlenberg et al., 2014; Tucci et al., 2008), sug-

gesting a role for inflammasome activation in the autoimmune

phenotype of DC-ABCDKO mice.

Deficiency of the NLRP3 Inflammasome Partly Reverses
the Autoimmune Phenotype
To assess a contribution of the inflammasome to autoimmune

phenotypes, we generated DC-ABCDKO mice with Nlrp3 defi-

ciency. This partly reversed the increase in LN size compared

with DC-ABCDKONlrp3+/� littermate controls (Figures 6A and
Cell Metabolism 25, 1–11, June 6, 2017 5



Figure 5. DCAbca1/g1Deficiency Activates

the Inflammasome and Increases Th1 Cells

Mice used in all experiments were 20 weeks old

unless indicated otherwise.

(A–D) DC-Abca1/g1 deficiency enhances pro-

IL-1b protein (A–B), mRNA levels (C), and Nlrp3

mRNA levels (D) in splenic CD11c+MHCII+CD11b+

cells, indicative of inflammasome priming. FACS

plot (A) and quantification (B) are shown. n = 4.

(E–H) From mice of the indicated genotypes,

CD11b+ cells were isolated from spleen (E and F)

or LNs (G and H) using CD11b-positive beads.

Cells were lysed, and caspase-1 cleavage was

assessed using western blot. Representative im-

ages (E and G) are shown and caspase-1 cleavage

was calculated as the ratio of cleaved caspase-1

(p20) to pro-caspase-1 (p45) (F and H). n = 4.

(I) IL-18 plasma levels were assessed in

40 week old DC-ABCDKO and control mice using

ELISA. Each data point indicates a single mouse.

n = 7–10.

(J and K) CD11b+ cells were isolated from the

spleens of control and DC-ABCDKO mice using

CD11b-positive beads, and incubated with or

without rHDL (o/n). The medium was collected

and the secretion of IL-1b (J) and IL-18 (K) was

assessed using ELISA, and corrected for cell

protein. n = 4.

(L) Splenic cell homogenates were stained with

an antibody to CD4, fixed and permeabilized,

and stained for Tbet (L) or its isotype control.

For quantification, values were corrected for their

respective isotype controls. n = 5.

Data in (B–D, F, H, and J–L) are presented as

mean ± SEM. (B–D, F, I, and L), *p < 0.05, **p <

0.01, ***p < 0.001, by t test. (H, J, and K), *p < 0.05,

**p < 0.01, ***p < 0.001, by one-way ANOVA with

Bonferroni post-test. See also Figure S5.
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6B), indicating an important contribution of the NLRP3 inflamma-

some to aspects of the autoimmune phenotype of DC-ABCDKO

mice. Consistent with the role of the inflammasome in regulating

IL-1b secretion,Nlrp3 deficiency decreased IL-1b secretion from

DC-ABCDKO CD11b+ cells (Figure 6C). Nlrp3 deficiency also

decreased splenic Tbet
+CD4+ T cells in DC-ABCDKO mice (Fig-

ures 6D and 6E), likely due to a decrease in local IL-18 secretion

from splenic DC-ABCDKONlrp3�/� DCs. These results thus sug-

gest that the Nlrp3 inflammasome contributes to aspects of the

autoimmune phenotype in DC-ABCDKO mice.

Increased GM-CSF Receptor-b and Cytokine Secretion
from CD11b+ ABCDKO DCs
Since Nlrp3 deficiency only partly reversed the autoimmune

phenotype of DC-ABCDKO mice, we sought to define additional

mechanisms regulating inflammation. We had observed that

the CD11b+ DC population was expanded in DC-ABCDKO mice

(Figure 4C).Abca1/g1 deficiency in hematopoietic stem and pro-

genitor cells increases the cell surface expression of the com-
6 Cell Metabolism 25, 1–11, June 6, 2017
mon b subunit of the IL-3/GM-CSF recep-

tor, increasing the proliferation of these

cells (Yvan-Charvet et al., 2010). We

found that DC-Abca1/g1 deficiency
increased the cell surface but not mRNA levels of the common

b subunit of the IL-3/GM-CSF receptor on splenic CD11b+

DCs (Figures 7A and 7B and S6A–S6C) together with CD11b+

DC proliferation (Figures 7C and 7D), likely accounting for the

increased number of CD11b+ DCs (Figure 4C), and suggesting

enhanced GM-CSF-induced differentiation of CD11c+ into

CD11b+ DCs.

DC secretion of IL-23, IL-12, and IL-6 contributes to autoim-

mune phenotypes. Previous studies have suggested that GM-

CSF induces the secretion of these cytokines by DCs (Codarri

et al., 2011; El-Behi et al., 2011; Sonderegger et al., 2008), linking

GM-CSF signaling with autoimmunity. We found that DC-Abca1/

g1 deficiency in splenic CD11c+CD11b+MHCII+ cells markedly

enhanced intracellular expression of IL-6 and p40, the subunit

of both IL-23 and IL-12, as well as Il-23p19 mRNA expression

(Figures S6D–S6H), likely due to enhanced TLR activation

in these cells (Westerterp et al., 2012). The secretion of these

cytokines from splenic CD11b+ cells was also increased, with

reversal by rHDL treatment (Figures 7E–7G). We also found



Figure 6. Nlrp3 Deficiency Reverses Part of

the Phenotype of DC-ABCDKO Mice

Abca1fl/flAbcg1fl/flNlrp3+/�, Abca1fl/flAbcg1fl/fl

Nlrp3�/� (referred to as controls), DC-ABCDKO

Nlrp3+/�, and DC-ABCDKONlrp3�/� mice were

10 weeks old.

(A and B) LNs were isolated. Representative pic-

tures are shown (A) and LNs were weighed (B).

n = 11–25. Splenic CD11b+ cells were isolated and

IL-1b secretion (o/n) was assessed (C). n = 5–10.

Splenic cell homogenates were stained with an

antibodies to CD4, fixed and permeabilized, and

stained for Tbet or its isotype control. CD4+Tbet
+

T cells were assessed and values were corrected

for their respective isotype controls (D and E).

n = 5–8. Data in (B, C, and E) are presented as

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, by

one-way ANOVA with Bonferroni post-test.
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that DC-Abca1/g1 deficiency enhanced GM-CSF-induced

secretion of IL-23, IL-12, and IL-6 in splenic CD11c+ DCs (Fig-

ures S6I–S6K). This may reflect GM-CSF-induced differentiation

of CD11c+ into inflammatory CD11b+ DCs (Campbell et al., 2011)

in vivo, as DC-ABCDKO CD11b+ DCs were increased in numbers

(Figure 4C) and showed increased interleukin secretion without a

requirement for added GM-CSF ex vivo (Figures 7E–7G). These

studies thus link the increased expression of the common b sub-

unit of the GM-CSF receptor on Abca1/g1-deficient DCs with

proliferation of CD11b+ DCs that show inflammasome activation

and enhanced secretion of a variety of inflammatory cytokines.

DC-Abca1/G1Deficiency Increases T andBCell Subsets
We then investigated whether T and B cell subsets that are

known to be responsive to these DC interleukins were expanded.

IL-1b, IL-6, and IL-23 induce Th17 differentiation (Acosta-Rodri-

guez et al., 2007). We observed that splenic CD4+IL17A+ T cells

were dramatically increased over time in DC-ABCDKO mice

compared with controls, reflecting Th17 expansion (Figures

7H–7J). Similar results were found in LNs (not shown). Even

though MAC-ABCDKO mice also showed an increase in plasma

IL-23 and IL-17 in previous studies, these mice did not develop
lupus glomerulonephritis in the current

study (Figure 2B), likely reflecting modest

increases in plasma IL-23 and IL-17

compared with DC-ABCDKO mice (West-

erterp et al., 2012). Consistent with Th17

cell expansion and T cell activation

(Campbell et al., 2011; Codarri et al.,

2011; El-Behi et al., 2011), we also found

that DC-Abca1/g1 deficiency enhanced

splenic GM-CSF+CD4+ and GM-CSF+

CD8+ T cells (Figures 7K and 7L); 80%

of GM-CSF+CD4+ T cells were positive

for IL17A, suggesting they are a subset

of Th17 cells (Figures S7A–S7B). These

T cells, by secreting GM-CSF, could sus-

tain the differentiation of CD11c+ into

CD11b+ DCs that secrete T cell activating

cytokines, suggestive of a previously
identified positive feedback loop in which GM-CSF sustains

interleukin production by DCs (El-Behi et al., 2011). To test the

hypothesis that these effects on T cells were caused by

Abca1/g1 deficiency in DCs, we co-incubated splenic DCs

from DC-ABCDKO mice and controls with naive T cells. After

5 days, DC-Abca1/g1 deficiency increased differentiation of

naive T cells into Th17 or GM-CSF+ T cells (Figures S7C–S7F),

indicating the effect on T cells was secondary to the DC

Abca1/g1 deficiency.

We next investigated whether DC-Abca1/g1 deficiency

affected T follicular helper (TFH) and germinal center (GC) B cells,

since a previous study suggested that IL-6 secretion by DCs led

to expansion of these cells and caused SLE (Kim et al., 2011).

Splenic TFH and GC B cells were increased in DC-Abca1/g1-

deficient mice compared with their controls (Figures S7G–S7J),

and we also observed an increase in short-lived plasma cells

that are present in GCs (Figures 7K and 7L). Further supporting

B cell proliferation and differentiation, and contributing to TFH
accumulation (Coquery et al., 2015), plasma levels of B cell-acti-

vating factor (BAFF) were increased in DC-Abca1/g1-deficient

mice compared with their controls (Figure S7M). In sum, these

findings show that deficiency of cholesterol efflux pathways in
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Figure 7. DC Abca1/g1 Deficiency In-

creases Surface Expression of the Common

b Subunit of the GM-CSF Receptor, DC

Proliferation, Secretion of Interleukins with

Reversal by rHDL, and T and B Cell Subsets

Mice used in all experiments were 20 weeks old

unless indicated otherwise. Spleens were isolated

(A–D), stained for DC markers in combination with

the indicated antibodies, and analyzed by flow

cytometry.

(A and B) DC-Abca1/g1 deficiency increases the

common b subunit of the GM-CSF receptor on

splenic CD11b+ DCs. n = 6.

(C and D) DC-Abca1/g1 deficiency increased the

percentage of CD11b+ DCs in the G2M phase,

calculated using the Watson model. n = 4.

(E–G) CD11b+ cells were isolated from the spleens

of control and DC-ABCDKO mice using CD11b-

positive beads, and incubated with or without

rHDL (o/n). The medium was collected and the

secretion of IL23p19 (E), IL12p70 (F), and IL-6 (G)

was assessed using ELISA, and corrected for cell

protein. n = 4.

(H–L) Splenic cell homogenates were stained with

antibodies to CD4 (H-L), TCRb, and CD8 (K–L),

fixed and permeabilized, stained for IL17A (H–J),

or GM-CSF (K–L), and Th17 cells (defined as

CD4+IL17A+) (H–J) and GM-CSF+ T cells (K–L)

were measured using flow cytometry. n = 5.

Data in (B, D–G, J, and L) are presented as mean ±

SEM. (B, J, and L) *p < 0.05, **p < 0.01, ***p <

0.001, by t test. (D–G) *p < 0.05, **p < 0.01, ***p <

0.001, by one-way ANOVA with Bonferroni post-

test. See also Figures S6 and S7.
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DCs promotes inflammasome activation and inflammatory cyto-

kine secretion that leads to a dramatic expansion of Th17 cells,

and increases in Th1 T cells, TFH cells, GC B cells, plasma cells,

and in BAFF plasma levels, changes which have previously been

linked to the development of SLE (Kim et al., 2011; Kyttaris et al.,

2010; Pisitkun et al., 2012).

DISCUSSION

Our findings indicate that cholesterol efflux pathways in DCs

have a key role in preventing cholesterol accumulation andmain-

taining immune tolerance. Mice with DC Abca1/g1 deficiency in

the non-perturbed homeostatic state developed a marked auto-

immune phenotype. In contrast, deletion of these transporters in

macrophages or T cells did not lead to autoimmunity, indicating

a mechanism distinct from previous observations involving

reduced MerTK in Lxr-, Pparg-, or Rxr-deficient macrophages

orAbcg1 deficiency in T cells (Bensinger et al., 2008; N-Gonzalez

et al., 2009; Roszer et al., 2011). DC Abca1/g1 deficiency acti-
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vated the inflammasome, increased cell

surface expression of the common b sub-

unit for the GM-CSF receptor, CD11b+

DC proliferation, and secretion of a vari-

ety of cytokines from CD11b+ DCs, lead-

ing to expansion of activated T cells, Th17

cells, GM-CSF+ T cells, Th1 cells, TFH

cells, GC B cells, and plasma cells, all changes that have been

implicated in the pathogenesis of SLE. Thus, cholesterol accu-

mulation in DCs promotes autoimmunity, predominantly through

activation of inflammatory signaling pathways.

Deficiency of the Nlrp3 inflammasome diminished the

increases in LN size, DC IL-1b secretion, and Tbet
+ T cells in

DC-ABCDKO mice, indicating an essential contribution of the

inflammasome to key aspects of the autoimmune phenotype in

DC-ABCDKO mice. The NLRP3 inflammasome is activated in

several autoimmune diseases including RA and SLE. Factors

that induce lupus glomerulonephritis, such as neutrophil extra-

cellular traps, self dsDNA, and complement C3a activate the

NLRP3 inflammasome in human monocytes and macrophages

(Asgari et al., 2013; Kahlenberg et al., 2013; Mathews et al.,

2014; Shin et al., 2013). Polymorphisms in NLRP3 or IL-18 (Kah-

lenberg and Kaplan, 2014) have been associated with SLE risk,

and plasma IL-18 levels with disease activity (Kahlenberg

et al., 2014; Tucci et al., 2008). In mouse models, inhibition of

the P2X7 receptor, which is essential for ATP-mediated NLRP3



Please cite this article in press as: Westerterp et al., Cholesterol Accumulation in Dendritic Cells Links the Inflammasome to Acquired Immunity, Cell
Metabolism (2017), http://dx.doi.org/10.1016/j.cmet.2017.04.005
inflammasome activation, caspase-1 deficiency, and Il-18 re-

ceptor deficiency protect against lupus glomerulonephritis (Kah-

lenberg et al., 2014; Kinoshita et al., 2004; Zhao et al., 2013). Our

study provides direct evidence for a role for the NLRP3 inflam-

masome in regulating aspects of the autoimmune phenotype in

DC-ABCDKO mice, and for the first time relates inflammasome

activation in DCs to cholesterol accumulation. Inflammasome

priming is likely increased by enhanced TLR signaling via choles-

terol-enriched membrane lipid rafts as shown previously in

Abca1/g1 deficient cells (Westerterp et al., 2012; Yvan-Charvet

et al., 2008), similar to macrophages (Sheedy et al., 2013). How-

ever, we did not observe inflammasome activation in LN CD11b+

cells from MAC-ABCDKO mice, probably reflecting a paucity of

inflammatory CD11b+ cells in the LNs.

In addition to the inflammasome-mediated secretion of IL-1b

and IL-18, cholesterol accumulation in splenic Abca1/g1-defi-

cient CD11b+ DCs enhanced the secretion of IL-6, IL-23p19,

and IL-12p70, which have been shown to promote autoimmunity

(Sonderegger et al., 2008). Lupus patients also show an increase

in Th17 cells and deficiency of the Il-23 receptor or Il-17 impairs

the development of lupus glomerulonephritis in mice (Kyttaris

et al., 2010; Pisitkun et al., 2012). It is thus likely that choles-

terol-induced secretion of IL-1b, IL-6, and IL-23p19 by DCs,

which induce Th17 expansion (Acosta-Rodriguez et al., 2007),

contributes to lupus glomerulonephritis in DC-Abca1/g1 defi-

ciency. Since inflammasome activation is involved in IL-1b

secretion it may also link to the observed increase in GM-CSF+

Th17 cells. Multiple mechanisms of inflammatory cytokine pro-

duction likely explain why the reversal of autoimmunity by

Nlrp3 deficiency was only partial. Complexity and heterogeneity

may also explain the failure of several interventions targeting

specific cytokines in human SLE (Narain and Furie, 2016).

Our data suggest that cholesterol accumulation in DCs leads

to both increased GM-CSF receptor levels and increased cyto-

kine secretion, and thus engages a positive feedback loop

wherein GM-CSF-secreting Th17 cells promote differentiation

of CD11c+ into CD11b+ DCs expressing high levels of the

GM-CSF receptor, enhancing proliferation, and further cytokine

production (Graphical Abstract), as suggested in earlier studies

of autoimmune diseases (El-Behi et al., 2011; Lin et al.,

2016). GM-CSF enhances cytokine secretion by CD11c+ DCs

(Sonderegger et al., 2008), presumably because of its crucial

role in differentiating CD11c+ into CD11b+ DCs (Campbell

et al., 2011). Our findings suggest that, in addition to previous

autoimmune models such as EAE, this positive feedback loop

plays a role in lupus.

Although our findings were made using a specific model in

which cholesterol efflux pathways are deleted in DCs, similar

principlesmaybe involved inother settings inwhichhypercholes-

terolemia is associated with autoimmunity (Wilhelm et al., 2009).

Apoe�/� mice show increased plasma autoantibodies to dsDNA

and accelerated glomerulonephritis when crossed with gldmice,

or simply in response to feeding a high-cholesterol diet. This was

attributed to decreased apoptotic cell clearance (Aprahamian

et al., 2004; Wang et al., 2014). Apoa1 and Apoe deficiency

decrease plasmaHDL levels inmice, potentially leading to DC in-

flammasome activation and enhanced cytokine secretion that

activate T cells, as suggested by our study. Apoe�/� mice also

show increased splenic Th17 cells (Westerterp et al., 2012),which
could have contributed to the lupus phenotype. A recent study

showed that mice with whole-body deficiency of Apoe and Lxrb

mice develop an autoimmune phenotype, associated with lipid

accumulation in CD11c+ cells. Autoimmunity was attributed to

enhanced antigen presentation as shown in Lxrab�/� mice (Ito

et al., 2016). Similar to our study, CD11c+MHCII+ cells were

expanded in Apoe�/�CD11cCreLxrbfl/fl mice and BAFF levels

were increased. In contrast, we did not observe any difference

in antigen presentation with either in vivo or in vitro assays (Fig-

ures 4F, 4G, S4D, andS4E). The reason for this apparent discrep-

ancy is unclear. Previous studies have shown that hypercholes-

terolemia in Apoe�/� mice and cholesterol accumulation in DCs

induced by loading withmodified lipoproteins does not affect an-

tigen presentation (Packard et al., 2008).

In general, inflammatory stimuli, suchas interferon-g (Panousis

andZuckerman, 2000) or TLR3/4 activation (Castrillo et al., 2003),

suppress cholesterol efflux pathways. Our studies suggest that,

in autoimmune disorders such as SLE or RA, inflammatory sup-

pression of HDL levels and of cholesterol efflux pathways and

cholesterol accumulation in DCs amplifies autoimmune re-

sponses. In this setting, treatments employing LXR activators

to upregulate ABCA1/G1, or cholesterol-poor reconstituted

HDL that mediate diffusional, non-transporter-dependent

cholesterol efflux (Cuchel et al., 2010) and were shown to be

anti-inflammatory in CD11b+ DCs in the present study, may

have therapeutic benefit. The role of statins in ameliorating auto-

immune phenotypes remains unclear (Khattri and Zandman-

Goddard, 2013), but also warrants systematic investigation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD11c-PerCP-Cy5.5 BD Pharmingen Cat# 560584; RRID: AB_1727422

CD11c-PE-Cy7 BD Pharmingen Cat# 561022; RRID: AB_2033997

CD138-APC BD Pharmingen Cat# 561705; RRID: AB_10896819

CD45-APC-Cy7 BD Pharmingen Cat# 557659; RRID: AB_396774

common b subunit IL-3/GM-CSFRb (CD131)-PE BD Pharmingen Cat# 559920; RRID: AB_397374

Ly6-C/G-PerCP-Cy5.5 BD Pharmingen Cat# 561103; RRID: AB_10562568

B220-FITC Biolegend Cat# 103225; RRID: AB_10573502

CD19-PE Biolegend Cat# 152408; RRID: AB_2629817

CD80-PB Biolegend Cat# 104724; RRID: AB_2075999

TCRb-PB Biolegend Cat# 109226; RRID: AB_1027649

CD115-PE eBioscience Cat# 12-1152; RRID: AB_465808

CD11b-APC eBioscience Cat# 17-0112; RRID: AB_469343

CD11b-PB (eFluor 450) eBioscience Cat# 48-0112; RRID: AB_1582237

CD4-APC eBioscience Cat# 17-0041; RRID: AB_469320

CD4-PB (eFluor 450) eBioscience Cat# 48-0041; RRID: AB_10718983

CD44-PE-Cy7 eBioscience Cat# 25-0441; RRID: AB_469623

CD62L-APC eBioscience Cat# 17-0621; RRID: AB_469410

CD8-FITC eBioscience Cat# 9011-0087; RRID: AB_10754061

CD8a-APC-Cy7 eBioscience Cat# 47-0081; RRID: AB_1272221

CD86-PE eBioscience Cat# 12-0862; RRID: AB_465768

CD90.1-PE eBioscience Cat# 12-0900; RRID: AB_465773

CD90.2-FITC eBioscience Cat# 11-0903; RRID: AB_465156

CXCR3-APC eBioscience Cat# 17-1831; RRID: AB_1210791

CXCR5- PerCP-Cy5.5 (eFluor 710) eBioscience Cat# 46-7185; RRID: AB_2573837

F480-PE-Cy7 eBioscience Cat# 25-4801; RRID: AB_469653

GL7-APC (eFluor 660) eBioscience Cat# 50-5902; RRID: AB_2574252

GM-CSF-PE eBioscience Cat# 12-7331; RRID: AB_466204

MHCII-FITC eBioscience Cat# 11-5321; RRID: AB_465232

PD1-FITC eBioscience Cat# 11-9985; RRID: AB_465472

PD-L1-PE eBioscience Cat# 12-5982; RRID: AB_466089

pro-IL-1b-PE eBioscience Cat# 12-7114; RRID: AB_10732630

Isotype control-PE (pro-IL-1b) eBioscience Cat# 12-4301; RRID: AB_470046

p40-APC (eFluor 660) eBioscience Cat# 50-7123; RRID: AB_11218493

Isotype control-APC (p40) eBioscience Cat# 50-4321; RRID: AB_10598503

IL-6-PB (eFluor 450) eBioscience Cat# 48-7061; RRID: AB_2574103

Isotype control-PB (IL-6) eBioscience Cat# 48-4301; RRID: AB_1271988

IL17A-FITC (Alexa Fluor 488) eBioscience Cat# 53-7177; RRID: AB_763579

Tbet-PE eBioscience Cat# 12-5825; RRID: AB_925762

Isotype control-PE (Tbet) eBioscience Cat# 12-4714; RRID: AB_470059

Caspase-1 eBioscience Cat# 14-9832; RRID: AB_2016691

Rat secondary (for caspase-1) Cell Signaling Cat# 7077; RRID: AB_10694715

Chemicals, Peptides, and Recombinant Proteins

OVA (323 - 339) (OT-II peptide)

ISQAVHAAHAEINEAGR

Anaspec AS-27024

Violet Proliferation Dye (CFSE) BD Horizon 562158

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant murine GM-CSF Peprotech 315-03

Recombinant murine IL-4 Peprotech 214-14

Filipin complex Sigma Aldrich F9765

Oil Red O Sigma Aldrich O0625

Bodipy 493/503 Thermo Fisher D3922

Critical Commercial Assays

Uric acid detection Roche Diagnostics 03183807190

BUN detection Roche Diagnostics 04460715190

Creatinine detection Roche Diagnostics 03263991190

CD11c microbeads, ultrapure, mouse Miltenyi Biotec 130-108-338

CD11b microbeads, mouse (and human) Miltenyi Biotec 130-049-601

CD4 (L3T4) microbeads, mouse Miltenyi Biotec 130-049-201

CD3 3microbeads, mouse Miltenyi Biotec 130-094-973

Cholesterol E (total cholesterol assay) Wako Diagnostics 999-02601

Free Cholesterol E (free cholesterol assay) Wako Diagnostics 993-02501

Mouse IgG ELISA Kit Alpha Diagnostic International 6320

Mouse IgM ELISA Kit Alpha Diagnostic International 6380

Mouse anti-dsDNA Ig’s (total A+G+M) ELISA kit Alpha Diagnostic International 5110

Mouse BAFF ELISA kit R&D Systems MBLYS0

Mouse IL-1b ELISA kit R&D Systems MLB00C

Mouse IL-18 ELISA kit R&D Systems 7625

Mouse IL-23 ELISA kit R&D Systems M2300

Mouse IL-12p70 ELISA kit R&D Systems M1270

Mouse IL-6 ELISA kit R&D Systems M6000B

Mouse Regulatory T-cell Kit eBioscience 88-8111

Deposited Data

Microarray Analysis GSE#15907 Immunological Genome Project

http://www.immgen.org

Gautier et al., 2012

N/A.

Experimental Models: Organisms/Strains

mouse: Abca1-/-: DBA/1-Abca1tm1Jdm/J The Jackson Laboratory JAX 003897

mouse: Abcg1-/- Deltagen; Kennedy et al., 2005 N/A.

mouse: Abca1fl/flAbcg1fl/fl:

B6.Cg-Abca1tm1Jp Abcg1tm1Tall/J

The Jackson Laboratory JAX 021067

mouse: LysmCre: B6.129P2-Lyz2tm1(cre)Ifo/J The Jackson Laboratory JAX 004781

mouse: CD11cCre: B6.Cg-Tg(Itgax-cre)1-1Reiz/J The Jackson Laboratory JAX 008068

mouse: LckCre: B6.Cg-Tg(Lck-cre)548Jxm/J The Jackson Laboratory JAX 003802

mouse: Myd88fl/fl: B6.129P2(SJL)-Myd88tm1Defr/J The Jackson Laboratory JAX 008888

mouse: Trif-/-: C57BL/6J-Ticam1Lps2/J The Jackson Laboratory JAX 005037

mouse: Nlrp3-/-: B6.129S6-Nlrp3tm1Bhk/J The Jackson Laboratory JAX 021302

mouse: OT II: B6.Cg-Tg(TcraTcrb)425Cbn/J The Jackson Laboratory JAX 004194

mouse: CD90.1 (Thy 1.1): B6.PL-Thy1a/CyJ The Jackson Laboratory JAX 000406

Oligonucleotides

Mouse Abca1fl/fl forward primer

5’-GTGAATGGGCAATTCGCAAACT-3’

This paper N/A

Mouse Abca1fl/fl reverse primer

5’-AGATCTCCCCTCCTTGACAATGC-3’

This paper N/A

Mouse Abcg1fl/fl forward primer

5’-TGTTCAGGAGGCCATGATGGT-3’

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse Abcg1fl/fl reverse primer

5’-TGGCCAGGCGTTTCCG-3’

This paper N/A

Mouse Nlrp3 forward primer

50-ATTACCCGCCCGAGAAAGG-30
This paper N/A

Mouse Nlrp3 reverse primer

50-TCGCAGCAAAGATCCACACAG-30
This paper N/A

Mouse pro-IL-1b forward primer

50-TGTGAATGCCACCTTTTGACA-30
This paper N/A

Mouse pro-IL-1b reverse primer

50-GGTCAAAGGTTTGGAAGCAG-30
This paper N/A

Mouse IL-23 forward primer

5’-CGCCAAGGTCTGGCTTTTT-3’

This paper N/A

Mouse IL-23 reverse primer

5’- CGCTGCCACTGCTGACTAGA-3’

This paper N/A

Software and Algorithms

FACS DiVa software BD Biosciences https://www.bdbiosciences.com/

us/instruments/research/software/

flow-cytometry-acquisition/bd-

facsdiva-software/m/111112/overview

FlowJo FlowJo https://www.flowjo.com/solutions/flowjo

GraphPad Prism version 5.01 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Please cite this article in press as: Westerterp et al., Cholesterol Accumulation in Dendritic Cells Links the Inflammasome to Acquired Immunity, Cell
Metabolism (2017), http://dx.doi.org/10.1016/j.cmet.2017.04.005
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled byMarit Westerterp (mw2537@

columbia.edu or m.westerterp@umcg.nl).

EXPERIMENTAL MODEL DETAILS

Animals
Abca1-/-Abcg1-/- mice and wild-type littermate controls in the mixed DBA/C57Bl6/J background were generated as described

previously (Yvan-Charvet et al., 2007) by crossbreeding Abcg1-/- mice (DeltaGen; subsequently backcrossed 10 times into the

C57Bl/6J background) with Abca1-/- mice in the DBA background (Jackson Laboratories, stock number 003897). All other mice

were in the C57Bl6/J background. We have deposited Abca1fl/flAbcg1fl/fl mice at Jackson Laboratories (stock number 021067).

LysmCreAbca1fl/flAbcg1fl/fl, CD11cCreAbca1fl/flAbcg1fl/fl , and LckCreAbca1fl/flAbcg1fl/fl mice were generated by crossbreeding

Abca1fl/flAbcg1fl/fl mice with LysmCre, CD11cCre, and LckCre mice (Jackson Laboratories, stock numbers 004781, 008068, and

003802, respectively). CD11cCreAbca1fl/flAbcg1fl/flMyd88fl/fl, Abca1fl/flAbcg1fl/flMyd88fl/fl, CD11cCreAbca1fl/flAbcg1fl/flTrif-/-,

Abca1fl/flAbcg1fl/flTrif-/- ,CD11cCreAbca1fl/flAbcg1fl/flNlrp3-/-, and Abca1fl/flAbcg1fl/flNlrp3-/-mice were generated by cross-breeding

CD11cCreAbca1fl/flAbcg1fl/fl with Myd88fl/fl , Trif-/- , or Nlrp3-/- mice (Jackson Laboratories, stock numbers 008888, 005037, and

021302, respectively). OT-II mice were from Jackson Laboratories (stock number 004194) and CD90.1 OT-II mice were kindly pro-

vided by Dr. Hao Wei Li and Dr. Megan Sykes and were bred at Columbia University by intercrossing CD90.1 (also referred to as

Thy1.1) mice (Jackson Laboratories, stock number 000406) with OT-II mice.

For all studies, littermates were used, andmice were housed under SPF conditions in cages (4-5mice per cage) with micro-isolator

tops with a 12 h light cycle (7 am -7 pm) and fed an irradiated chow diet (Purina Mills Diet 5053). Housing temperatures were kept

within a range of 71-73�F (21.7-22.8�C). Water and cages were autoclaved. Cages were changed once weekly, and the health status

of the mice was monitored using a dirty bedding sentinel program. The mouse genotype did not cause changes in weight (mouse

weight between 20-30 g, depending on gender and age), health or immune status. Female littermates (lupus glomerulonephritis

studies) or littermates from both sexes were randomly assigned to experimental groups, unless stated otherwise. The age and num-

ber of the mice used for the experiments are indicated for each experiment in the figure legends. In general, n=4-10 mice were used

per group and experiments were repeated at least once if n=4 mice were used per experiment to confirm the reproducibility of the

results. No inclusion or exclusion criteria were used. All protocols were approved by the Institutional Animal Care and Use Committee

of Columbia University.
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METHOD DETAILS

Kidney and LN Analysis, ELISAs
At 20 or 40 weeks of age, Abca1-/-Abcg1-/- or wild-type female mice were sacrificed. At 40 weeks of age DC-ABCDKO, MAC-ABCDKO,

and T-ABCDKO, and their respective littermate control groups were sacrificed (all females). Kidneys were dissected, and one kidney

permousewas fixed in 10%phosphate buffered formalin. Kidneys were then embedded in paraffin, 2 mmsections weremade, which

were stained with hematoxylin & eosin (H&E) and periodic acid-Schiff (PAS). The other kidney was embedded in OCT, frozen, and

2 mm sections were made, and stained with FITC-conjugated rabbit antibodies to IgG, IgM, IgA, complement C3 or complement

C1 (Dako, Carpinteria, CA). These procedures were performed in a blinded fashion, i.e. the analysis was done by an independent

observer, unaware of the genotypes. n=5-10 mice were used per genotype.

Inguinal lymph nodes (LNs) were isolated concomitantly with the kidneys, and adipose tissue was removed from LNs. LNs were

weighed and pictures were taken from Abca1-/-Abcg1-/- and wild-type LNs (and in later experiments also from LNs of DC-

ABCDKONlrp3+/-, DC-ABCDKONlrp3-/- mice, and their littermate controls). LNs from DC-ABCDKO mice and their controls were fixed

and embedded in OCT compound and immediately frozen on dry ice. Frozen cross-sections were made (5 mm), stained for Oil

Red O, and counterstained with haematoxylin. Pictures were taken using an Olympus IX-70 microscope equipped with a mercury

100-W lamp (CHIU Technical Corp.), an Olympus LCPlanF1 3100 objective, DP Manager Basic imaging software (version 3.1;

Olympus), and an Olympus DP71 CCD camera. To assess cholesterol accumulation in LN DCs fromDC-ABCDKOmice and their con-

trols, LNs were meshed in PBS on a 40 mm filter, cells were collected and DCs were isolated using CD11c+ beads (Miltenyi Biotec,

CA). Lipids were extracted using the Folch method, and cholesterol levels analyzed using an enzymatic assay (Wako Diagnostics,

USA). n=4-8 mice per genotype were used for each experiment described above, and n=11-25 mice per genotype for experiments

in DC-ABCDKONlrp3+/-, DC-ABCDKONlrp3-/- mice, and their littermate controls.

From the same abovementioned DC-ABCDKO, MAC-ABCDKO, T-ABCDKO, and their respective controls, also blood was drawn us-

ing heparin coated capillaries and kept on ice. Blood was then centrifuged at 10000 rpm for 10 min at 4�C and serum was collected,

and immediately assayed for auto-antibodies to dsDNA (IgA+G+M; Alpha Diagnostic International). For serum from DC-ABCDKO

mice, uric acid, BUN, and creatinine were measured using specific detection kits in conjunction with a Cobas C311 analyzer (Roche

Diagnostics). In addition to these measurements, in serum from 10, 20, and 40 weeks old control and DC-ABCDKO mice (littermates

from both sexes randomly assigned to control and DC-ABCDKO group), BAFF, IgM, and IgG levels were measured using ELISA (IgM

and IgG, Alpha Diagnostic International; BAFF, R&D Systems). n=10 mice per genotype were used for these experiments.

Differentiation of Dendritic Cells In Vitro

Bone marrow (BM) was isolated from DC-ABCDKO and control mice. Red blood cells (RBCs) were lysed (BD Pharm Lyse, BD Biosci-

ence), and BM was incubated in DMEM containing 10% FBS and 1% pen strep supplemented with 10 ng/ml GM-CSF and 10 ng/ml

IL-4 (Peprotech). Cells from one femur and one tibia per animal (either male or female) were incubated in 10 ml of medium in a non-

tissue culture coated 100mmdish. Fresh GM-CSF and IL-4 were added to themedia on a daily basis. At day 3, another 10ml of fresh

full medium containing 10 ng/ml GM-CSF and 10 ng/ml IL-4 was added to the culture dish. At day 6 and 8, half of the culture

supernatant was collected, centrifuged, and the cell pellet resuspended in 10 ml fresh full medium containing 10 ng/ml GM-CSF

and 10 ng/ml IL-4, and added back to the original plate. At day 8, DCs were ready for use in experiments.

Filipin Staining
BMderived DCs fromDC-ABCDKO and control micewere fixed in 4%paraformaldehyde. Cells werewashed, and incubated in 1.5mg

glycine/ml to quench the paraformaldehyde. Cells were stained using 100 mg/mL filipin (Sigma) for 1 h at room temperature. After

another wash, cells were mounted using Mowiol (Calbiochem) and visualized with an Axioskop 2 FS MOT upright confocal micro-

scope (Zeiss). Images were obtained by implementing z-scanning and analyzed using Image J software. n=5 fields.

Flow Cytometry
Blood samples were collected by tail bleeding into EDTA coated tubes. For analysis of blood T-cells, tubes were kept at 4�C for the

whole procedure unless stated otherwise. Red blood cells (RBCs) were lysed (BD Pharm Lyse, BD Bioscience) and white blood cells

(WBCs) were centrifuged, washed, and resuspended in HBSS (0.1% BSA, 5 mM EDTA). Cells were stained with a cocktail of anti-

bodies against CD45-APC-Cy7, Ly6-C/G-PerCP-Cy5.5 (BD Pharmingen), CD115-PE, CD44-PE-Cy7, CD62L-APC or CXCR3-

APC, CD8-FITC (eBioscience), and TCRb-PB (Biolegend). CD4+ T-cells were identified as CD45+Ly6-C/G-CD115-TCRb+CD8- and

CD8+ T-cells as CD45+Ly6-C/G-CD115-TCRb+CD8+. Among these populations, activated T-cells were identified as CD44+CD62L-

or CXCR3+. The same stainings were carried out on LN and splenic homogenates, after incubation of axillary and inguinal LNs in

collagenase D (clostridium histolyticum, Roche) for 30min at 37�Cor RBC lysis of spleens. LN and splenic homogenateswere stained

with the Mouse Regulatory T Cell Staining Kit (eBioscience) for analysis of Tregs. n=7-8 mice per genotype were used for each exper-

iment. For analysis of DCs, splenic homogenates were stained with a cocktail of antibodies against F480-PE-Cy7, MHCII-FITC

(eBioscience), CD11c-PerCP-Cy5.5 (BD Pharmingen), CD11b-APC, CD8-APC-Cy7, CD86-PE, PD-L1-PE (eBioscience) and

CD80-PB (Biolegend), or the common b subunit for the IL-3/GM-CSF receptor (BD Pharmingen). For intracellular cytokine staining,
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splenic homogenates were stained with CD11c-PE-Cy7, MHCII-FITC (BD Pharmingen), CD11b-APC or CD11b-PB (eBioscience),

then fixed-permeabilized using the BD Cytofix/Cytoperm kit (BD Biosciences), and subsequently stained with pro-IL-1b-PE, p40-

APC, or IL-6-PB, or their isotype controls (eBioscience). n=4-6 mice per genotype were used for each experiment.

To analyze neutral lipid accumulation in DCs, Bodipy-FITC (Thermo Fisher) was used. For analysis of spleen GM-CSF+ T-cells,

T-cell levels of Tbet, or Th17-cells, spleen homogenates were first stained with TCRb-PB (Biolegend), CD4-APC, CD8-FITC

(eBioscience), or for CD4-PB (Th17 cells; eBioscience) then fix-permeabilized, and subsequently stained with GM-CSF-PE, Tbet-PE,

or IL17A-FITC, or their isotype controls (eBioscience). For analysis of T follicular helper cells, spleen homogenates were stained with

TCRb-PB (Biolegend), CD4-APC, CXCR5- PerCP-Cy5.5, and PD1-FITC (eBioscience). T follicular helper cells were defined as

TCRb+CD4+CXCR5+PD1+. For analysis of GC B-cells, spleen homogenates were stained with B220-FITC (Biolegend) and GL7-

APC (eBioscience). GC B-cells were defined as B220+GL7+. For analysis of plasma cells, spleen homogenates were stained with

CD19-PE (Biolegend) and CD138-APC (BD Pharmingen). Plasma cells were defined as CD19-CD138+. n=5-8 mice per genotype

were used for these experiments. All samples were analyzed on an LSRII (BD Biosciences), running FACSDiVa software.

To assess Abca1 and Abcg1mRNA expression in T-cells from T-ABCDKO mice and their littermate controls, blood CD45+CD115-

Ly6-C/G-TCRb+ cells were isolated using flow cytometry and sorted directly into RNeasy lysis buffer (Qiagen) using the FACSAria,

running FACSDiVa software. The same procedure was followed to assess Abca1 and Abcg1 mRNA expression in CD45+CD115-

Ly6-C/G-CD11c+MHCII+ splenic DCs, or to assess mRNA levels of IL-23p19, GM-CSFRb, pro-IL-1b, and Nlrp3 in CD45+CD115-

Ly6-C/G-CD11c+CD11b+MHCII+ splenic DCs. The cells were lysed in RNeasy lysis buffer, and RNA was then extracted using an

RNeasy Micro Kit (Qiagen) and cDNA synthesized using SuperScript VILO (Invitrogen). mRNA levels were assessed using qPCR

on a Stratagene Mx3000P (Agilent Technologies), and initial differences in RNA quantity were corrected for using the housekeeping

gene m36B4. n=4-6 mice were used per genotype.

Microarray
Microarray analysis was carried out as part of the Immunological Genome Project (http://www.immgen.org), GSE#15907, as

described (Gautier et al., 2012).

Antigen Presentation In Vivo

DC-ABCDKO and control female mice were injected with or without 20 mg 332-339 ovalbumin peptide (OT-II peptide; Anaspec CA). At

24 h after injection, mice were injected with 2*106 cells 10 mMCFSE-PB labeled CD90.1+CD4+OT-II T-cells. Briefly, CFSE-PB labeled

CD4+ OT-II cells were prepared by isolating CD4+ T-cells from the spleen homogenates of CD90.1 OT-II female or male mice using

CD4 coated magnetic beads (Miltenyi Biotec, CA) according to the manufacturer’s instructions. CD90.1+CD4+ OT-II T-cells were

labeled with 10 mM CFSE-PB (Life Technologies) according to the manufacturer’s instructions. At 72 h after injection with the

CD90.1+CD4+ OT-II T-cells, mice were sacrificed and LNs and spleens were isolated. Following homogenization over a 40 mm filter,

LN and splenic T-cells were stained using CD4-APC, CD90.1-PE, and CD90.2-FITC (eBioscience), and CFSE-PB dilution was as-

sessed using flow cytometry. All samples were analyzed on an LSRII (BD Biosciences), running FACSDiVa software. n=4 mice

per genotype were used for this experiment.

Antigen Presentation In Vitro

BM derived DCs from DC-ABCDKO and control mice were incubated with or without lipopolysaccharide (LPS) for a period of 24 h

(250 ng/ml). Subsequently, cells were incubated with CD4+OTII+ T-cells that had been isolated as described above for in vivo antigen

presentation, and were labeled with 5 mM CFSE-PB (Life Technologies) according to the manufacturer’s instructions. At 72 h after

incubation, T-cells were stained using CD4-FITC (eBioscience) and CFSE dilution was assessed using flow cytometry. All samples

were analyzed on an LSRII (BD Biosciences), running FACSDiVa software. n=4 mice per genotype were used for this experiment.

Primary DC Isolation and Analysis, DC-T-Cell Co-incubation Experiments
CD11c+ andCD11b+ cells were isolated from LN and spleen homogenates using CD11b andCD11c coatedmagnetic beads (Miltenyi

Biotec, CA) according to themanufacturer’s instructions. Cells were cultured in 96 well plates in DMEM supplemented with 10%FBS

and 1%pen-strep, and incubated with or without 20 ng/ml GM-CSF for 24 h (CD11c+) or with and without 50 mg/ml rHDL (CSL-111, a

kind gift from Dr. Samuel Wright, CSL Australia) (CD11b+) for 24 h. Levels of IL-1b, IL-18, IL-23, IL-12p70, and IL-6 were measured in

themedia using ELISA (R&D systems), and corrected for cell protein. ForWestern blot to assess caspase-1 cleavage in CD11b+ cells,

a primary rat anti-mouse caspase-1 antibody (eBioscience) and a rat secondary antibody (Cell-Signaling) were used. For co-incuba-

tion experiments, CD11c+ DCs were incubated with T-cells isolated from 8 week old wild-type mice using CD3ε+ beads (Miltenyi

Biotec) in a ratio 1:5 for 5 days. Th17 and GM-CSF+ T-cells were assessed as described above in ‘flow cytometry’. For each exper-

iment, one replicate of CD11c+ or CD11b+ DCs represented one mouse. n=4 mice per genotype were used for each experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as means ± SEM. In each experiment, n defines the number of mice included, except for the filipin staining

experiment, where n represents the number of fields. The statistical parameters (n, mean, SEM) can be found within the figure leg-

ends. The t-test was used to define differences between 2 datasets. To define differences between 3 or 4 datasets, One-way Analysis
e5 Cell Metabolism 25, 1–11.e1–e6, June 6, 2017

http://www.immgen.org
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of Variance (ANOVA) was used with a Bonferroni multiple comparison post-test. The criterion for significance was set at P<0.05. No

statistical method was used to determine whether the data met assumptions of the statistical approach. Statistical analyses were

performed using GraphPad Prism version 5.01 (San Diego, CA).

DATA AND SOFTWARE AVAILABILITY

The accession number for the microarray data reported in this paper is: http://www.immgen.org : GSE#15907, as described (Gautier

et al., 2012).
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Supplemental Figures 

 

Figure S1, related to Figure 2. DC-ABC
DKO

 and T-ABC
DKO

 mice show >90% and >80% 

decreased ABCA1 and ABCG1 mRNA expression in dendritic cells (DCs) and T-cells, 

respectively and DC-Abca1/g1 deficiency induces lipid accumulation in DCs. (A) Gating 

strategy for isolation of splenic CD45
+
CD115

-
CD11c

+
MHCII

+
 DCs in control and DC-ABC

DKO
 

mice. (B) Splenic DCs were sorted by flow cytometry and the Abca1 and Abcg1 mRNA 

expression levels were determined and corrected for the housekeeping gene m36B4. n=6. (C) 
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Blood CD4
+
 T-cells were sorted by flow cytometry and the Abca1 and Abcg1 mRNA expression 

levels were determined and corrected for the housekeeping gene m36B4. n=4. (D-E) Increased 

plasma levels of IgM (D) and IgG (E) in DC-ABC
DKO

 mice. n=6-10. (F-H) Increased plasma 

levels of blood urea nitrogen (BUN) (F), creatinine (G), and uric acid (H) in DC-ABC
DKO

 mice. 

n=10. (I-J) Increased lipid accumulation in splenic DC-ABCDKO CD11b
+
 DCs assessed by 

BODIPY staining. n=6. (K) Inguinal LNs were embedded in OCT and frozen sections were 

made and stained for Oil Red O. Lipid accumulation in DC-ABC
DKO

, but not in control LNs. All 

sections (n=6) studied showed Oil Red O staining in DC-ABC
DKO

 but not in control LNs. 

Representative pictures are shown. (L) DC-Abca1/g1 deficiency enhances cholesterol 

accumulation in DCs. CD11c
+
 cells were isolated from the lymph nodes of control and DC-

ABC
DKO

 mice using CD11c positive beads, lipids were extracted, and cholesterol was assessed 

using an enzymatic assay and corrected for cell protein. n=6. (M-N) Bone marrow cells were 

differentiated into DCs by treatment with GM-CSF and were stained with filipin. Representative 

pictures of n=5 fields are shown (M) and filipin staining was quantified (N). (O) Plasma 

cholesterol levels in 20 week old control and DC-ABC
DKO

 mice fed a chow diet. n=10. Data in 

B, C-H, J, L, N, and O are presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, by t-

test. 
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Figure S2, related to Figure 3. Effect of DC Abca1/g1 deficiency on CD4
+
 and CD8

+
 T-cell 

numbers, T-cell proliferation, and Tregs. CD4
+
 and CD8

+
 T-cell percentage was assessed in 

blood (A-B), and CD4
+
 and CD8

+
 T-cell numbers in inguinal lymph nodes (C) and spleen (D) 

n=5-8. All data in (A-D) were measured concurrently with T-cell activation measurements. (E 

and F) CD4
+
 and CD8

+
 T-cell proliferation was assessed using DAPI in lymph nodes and 
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calculated in Flow Jo using the Watson model. (E) T-cell proliferation graphs. Percentages show 

cells in the G2M phase. (F) Quantification of T-cells in the G2M phase. n=5. (G) and (H) DC-

ABC
DKO 

mice show increased Tregs in spleen and lymph nodes. (G) Gating strategy. (H) Splenic 

Treg and lymph node Treg numbers. n=7. (I) DC-ABC
DKO

 increases IL-2 mRNA in CD4
+
 T-cells. 

CD4
+
 T-cells were sorted from LNs using flow cytometry, RNA extracted, and IL-2 mRNA 

levels assessed. Data in A-D, F, H, and I are presented as mean ± SEM. *P<0.05, ***P<0.001, 

by t-test. 
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Figure S3, related to Figure 3. ABCG1 is highly expressed in several DC subtypes but only 

combined deficiency of ABCA1 and ABCG1 induces T-cell activation. (A) Expression of 

Abca1 and Abcg1 in several DC subtypes and peritoneal macrophages as assessed by microarray. 

Top: heatmap. Bottom: quantification of Abca1 and Abcg1 expression. These data were obtained 

0

1000

2000

3000

A
b

c
g

1
e

x
p

re
s

s
io

n
 (

A
U

)

0

1000

2000

3000

A
b

c
a

1
e

x
p

re
s

s
io

n
 (

A
U

)

A

***

***

0

5

10

15

20

25

CD4+ CD8+

C
D

4
4

h
i C

D
6

2
L

lo
a

c
ti

v
a

te
d

 T
-

c
e

ll
s

 (
%

)

B

0

10

20

30

40

50

60

CD4+ CD8+

C
D

4
4

h
i C

D
6

2
L

lo
a

c
ti

v
a

te
d

 T
-

c
e

ll
s

 (
%

)

control

DC-ABCA1+/-ABCG1KO

DC-ABCDKO

**

C

control

DC-ABCA1KO

***

Lung CD103+ DCs

Liver CD103+ DCs

Mesenteric LN CD11b+ DCs

Subcutaneous LN CD11b+ DCs

Subcutaneous LN CD8+ DCs

Mesenteric LN CD8+ DCs

Spleen CD11b+ DCs

Spleen CD8+ DCs

Mesenteric LN migratory DCs

Spleen pDCs

Subcutaneous LN migratory DCs

Peritoneal macrophages

L
o

w
H

ig
h

T-cells                T-cells T-cells T-cells



6 
 

as part of the Immunological Genome Project. (B-C) Combined deficiency of ABCA1 and 

ABCG1 in DCs is required for the T-cell activation phenotype. (B) CD44
hi

CD62L
lo

 activated 

CD4
+
 and CD8

+
 T-cells in the blood of control and DC-ABCA1

KO
 mice. n=5. (C) 

CD44
hi

CD62L
lo

 activated CD4
+
 and CD8

+
 T-cells in the blood of control, DC-ABCA1

+/-

ABCG1
KO 

and DC-ABC
DKO

 mice. n=5. B and C, **P<0.01, ***P<0.001, by one-way ANOVA 

with Bonferroni post-test. 
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Figure S4, related to Figure 4. DC-Abca1/g1 deficiency enhances CD80/86 expression, but 

does not affect PDL-1 surface expression in CD11b
+
 DCs and antigen presentation by 

CD11b
+
 DCs in vitro, and T-cell activation in DC-ABC

DKO
 mice is not due to enhanced 

MyD88 or Trif signaling. (A-C) CD80 (A) and CD86 (B) surface levels on splenic 

CD11c
+
MHC-II

+
CD8a

+
 and CD11c

+
MHC-II

+
CD11b

+
 DCs and PDL-1 (C) surface levels on 

0

5

10

15

20

25

30

CD8a CD11b
C

D
8

0
 (

*1
0

2
M

F
I)

0 103 104 105

PDL-1

0

20

40

60

80

100

#
 c

e
ll

s

control

DC-ABCDKO

0

10

20

30

40

50

P
D

L
-1

 (
*1

0
2

M
F

I)

CD11b+ DCs

control
DC-ABCDKO

CD11c+MHCII+

CD11b+ DCs

C

0

20

40

60

80

100

0 103 105 0 103 105

CD86 (mfi)

CD8a

CD11b

Control

DC-

ABCDKO

control

DC-ABCDKO

0 103 105

0

20

40

60

80

100

0 103 105

CD8a

CD11b

CD80 (mfi)

A

#
 c

e
ll

s

Control

DC-

ABCDKO

#
 c

e
ll

s

B

**

***

0

10

20

30

40

50

C
D

8
6

 (
*1

0
2

M
F

I)

control

DC-ABCDKO

*
***

D

0

20

40

60

80

100

#
 c

e
ll

s

CFSE

0 103 105

Control

DC-

ABCDKO

CD11b+

DCs 

+LPS

0 103 105

Control

DC-

ABCDKO

CD11b+

DCs

CD8a CD11b

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7

%
 o

f 
C

D
4
+

 O
T

-I
I 

T
-c

e
ll

s

Number of divisions

control

DC-ABCDKO

CD11b+ DCs + LPS

0

10

20

30

40

50

0 1 2 3 4 5 6 7%
 o

f 
C

D
4
+

 O
T

-I
I 

T
-c

e
ll

s

Number of divisions

control

DC-ABCDKO

E
CD11b+ DCs

0

10

20

30

40

50

CD4+ CD8+

C
D

4
4

+
C

D
6

2
L

-

a
c

ti
v
a

te
d

 T
-c

e
ll

s
 (

%
)

**
*

**
*

0

5

10

15

20

25

CD4+ CD8+

C
D

4
4

+
C

D
6

2
L

-

a
c

ti
v
a

te
d

 T
-c

e
ll

s
 (

%
)

control

Trif-/-

DC-ABCDKO

DC-ABCDKOTrif-/-

*

***

***

*

control

DC-ABCDKO

DC-ABCMyD88TKO

F G

T-cells                  T-cells T-cells T-cells



8 
 

splenic CD11c
+
MHC-II

+
CD11b

+
 DCs determined by flow cytometry. Representative examples 

and quantification. n=4-6. *P<0.05, **P<0.01, ***P<0.001, by t-test. (D-E) Bone marrow cells 

were stimulated with GM-CSF for 8 days to generate CD11b
+
 DCs, incubated with or without 

LPS for 24 h, and then incubated with OT-II peptide in the presence of CFSE labeled CD4
+
OTII 

T-cells (ratio DC:T-cells 1:5). CFSE dilution in CD4
+
 T-cells was assessed at 72 h after co-

incubation. Representative CFSE dilutions are shown (D) and quantified using Flow Jo software 

(E). n=4.   Mice were fed chow diet for 16-20 weeks (F and G) and activated CD44
+
CD62L

-
 

CD4
+
 and CD44

+
CD62L

-
 CD8

+
 T-cells in blood were measured using  flow cytometry. n=6. The 

experiment was done twice at different timepoints. Data are presented as mean ± SEM. *P<0.05, 

**P<0.01, ***P<0.001, compared to control, by one way ANOVA and Bonferroni post-test. 
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Figure S5, related to Figure 5. Splenic cell homogenates were stained with an antibody to CD4, 

fixed and permeabilized, and stained for Tbet or its isotype control. Representative FACS plots 

are shown.   
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Figure S6 related to Figure 7. DC Abca1/g1 deficiency does not affect GM-CSFRβ surface 

on CD8a
+
 DCs or GM-CSFRβ mRNA expression in CD11b

+
 DCs, but enhances 

intracellular cytokines in CD11b
+
 DCs, and secretion of interleukins induced by GM-CSF 

in CD11c
+
 DCs. Spleens were isolated from 20 week old mice. Spleens were isolated (A-B), 

stained for DC markers in combination with the indicated antibodies, and analyzed by flow 

cytometry. (A-B) DC-Abca1/g1 deficiency did not affect the surface level of the common β 

subunit of the GM-CSF receptor on splenic CD8a
+
 DCs. n=6.  (C) CD11c

+
MHCII

+
CD11b

+
 DCs 

were sorted using flow cytometry, RNA was extracted and GM-CSFRβ mRNA levels assessed. 

n=4. (D-G) Intracellular staining of IL-6 (D, E), and p40 (F, G) in CD11c
+
MHCII

+
CD11b

+
 DCs. 
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FACS plots (D, F) and quantifications (E, G) are shown. n=4. (H) IL23p19 mRNA levels in 

CD11c
+
MHCII

+
CD11b

+
 DCs as sorted in (C). n=4. (I-K) CD11c

+
 cells were sorted from the 

spleen of 20 week old control and DC-ABC
DKO

 mice using CD11c positive beads and then 

incubated with or without GM-CSF (20 ng/ml) for 24 h.  IL-23 (I), IL-12p70 (J), and IL-6 (K) 

secretion were assessed and corrected for cell protein. n=4. Data in B, C, E, G-K are presented 

as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, by t-test. 
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Figure S7, related to Figure 7. DC-Abca1/g1 deficiency leads to expansion of several T-cell 

subsets. Spleens were isolated from 20 week old mice. (A-B) In DC-ABC
DKO

 mice, GM-CSF
+
 

T-cells are highly positive for IL17A. Splenic cell homogenates were stained with antibodies to 

CD4, fixed and permeabilized, stained for GM-CSF and IL17A, and IL17A expression was 
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assessed in GM-CSF
+
 T-cells. FACS plots (A), and quantification (B). n=4. (C-F) Abca1/g1 

deficiency in DCs stimulates differentiation of T-cells towards Th17 cells (C-D) and GM-CSF
+
 

T-cells (E-F) in co-incubation experiments of DCs with naïve T-cells. CD11b
+
 DCs were 

isolated from splenic homogenates of control and DC-ABC
DKO

 mice using CD11b
+
 beads and 

co-incubated with splenic T-cells of 8 week old wild-type mice. Cells were co-cultured in a 

DC:T-cell ratio of 1:5 for 5 days and subsequently stained with antibodies to CD4, fixed and 

permeabilized, stained for IL17A, and Th17-cells were assessed (C-D). n=4. Alternatively, after 

co-incubation, cells were stained with antibodies to CD4 and CD8, fixed and permeabilized, 

stained for GM-CSF and GM-CSF
+
 T-cells were assessed (E-F). n=4. (G-L) Splenic T- and B-

cell subsets were analyzed by flow cytometry. T follicular helper (TFH) cells were identified as 

TCRβ
+
CD4

+
CXCR5

+
PD1

+
 (G-H). Germinal center B-cells were identified as B220

+
GL7

+
 (I-J). 

Plasma cells were identified as CD19
-
CD138

+
 (K-L). n=6. (M) DC-Abca1/g1 deficiency 

increased plasma BAFF levels. n=10. Data in B, D, F, H, J, L, and M are presented as mean ± 

SEM. *P<0.05, **P<0.01, ***P<0.001, by t-test. 
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