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Oxidized Low-Density Lipoprotein Immune Complex
Priming of the Nlrp3 Inflammasome Involves TLR and FcyR
Cooperation and Is Dependent on CARD9

Jillian P. Rhoads,*" John R. Lukens,” Ashley J. Wilhelm,® Jared L. Moore,**
Yanice Mendez-Fernandez,' Thirumala-Devi Kanneganti,' and Amy S. Major* "

Oxidized low-density lipoprotein (oxLDL) is known to activate inflammatory responses in a variety of cells, especially macrophages
and dendritic cells. Interestingly, much of the oxLLDL in circulation is complexed to Abs, and these resulting immune complexes (ICs)
are a prominent feature of chronic inflammatory disease, such as atherosclerosis, type-2 diabetes, systemic lupus erythematosus, and
rheumatoid arthritis. Levels of oxLDL ICs often correlate with disease severity, and studies demonstrated that oxLDL ICs elicit
potent inflammatory responses in macrophages. In this article, we show that bone marrow—derived dendritic cells (BMDCs)
incubated with oxLDL ICs for 24 h secrete significantly more IL-1f3 compared with BMDCs treated with free oxLDL, whereas
there was no difference in levels of TNF-« or IL-6. Treatment of BMDCs with oxLDL ICs increased expression of inflammasome-
related genes Il1a, I11b, and Nirp3, and pretreatment with a caspase 1 inhibitor decreased IL-1f3 secretion in response to oxLDL
ICs. This inflammasome priming was due to oxLDL IC signaling via multiple receptors, because inhibition of CD36, TLR4, and
FcyR significantly decreased IL-1f secretion in response to oxLLDL ICs. Signaling through these receptors converged on the
adaptor protein CARDY, a component of the CARD9-Bcl10-MALT1 signalosome complex involved in NF-kB translocation.
Finally, oxLDL IC-mediated IL-1$ production resulted in increased Th17 polarization and cytokine secretion. Collectively, these
data demonstrate that oxLLDL ICs induce inflammasome activation through a separate and more robust mechanism than oxLLDL
alone and that these ICs may be immunomodulatory in chronic disease and not just biomarkers of severity. The Journal of

Immunology, 2017, 198: 2105-2114.

mmune complexes (ICs) are formed by specific Ab binding to
its soluble Ag. Many sterile inflammatory disorders are
characterized by increased serum titers of disease-specific
ICs, which can have mechanistic roles in pathogenesis (1, 2).
In systemic lupus erythematosus, anti-nuclear and anti-dsDNA
ICs bind to glomerular basement membranes and capillary
walls, resulting in glomerular nephritis (3). ICs precipitated from
the serum of rheumatoid arthritis patients increase the production
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of TNF-a from PBMCs (4). Atherosclerosis is another disease as-
sociated with increased titers of ICs containing Abs directed to oxi-
dized low-density lipoprotein (oxLDL) (5). In fact, up to 90% of
circulating oxLDL can be found in oxLDL ICs (6). Although the
majority of studies in atherosclerosis focus on free oxXLDL, much less
is known about responses to oxLDL ICs. In vitro studies demon-
strated that treatment of the human macrophage cell line THP-1 with
oxLDL ICs results in increased cell activation, inflammatory cytokine
production, and foam cell formation (7). In vivo evidence using
FcyR-deficient mice supports the role of IC-mediated modulation of
atherosclerosis (8—10). Understanding how these ICs modulate im-
mune responses is important to identify potential therapeutic targets
and provide mechanistic insight into IC-associated diseases.

Interestingly, the majority of sterile inflammatory disorders
characterized by high serum titers of ICs also have inflammasome
hyperactivation (11-13). The inflammasome is a multiprotein
oligomer that, when activated, results in secretion of robust levels
of the proinflammatory cytokine IL-1B (14). This innate immune
mechanism is important and necessary in the clearance of many
bacterial and fungal pathogens (15, 16). However, overactivation
of the inflammasome exacerbates or even drives many inflam-
matory diseases (17). IL-1f blockade is used clinically to treat
many IC-related diseases, such as rheumatoid arthritis and juve-
nile systemic lupus erythematosus (18, 19). Additionally, it is
known that knocking out the inflammasome-related gene Nirp3 in
mice completely abolishes atherosclerosis (20). Yet, although
diseases of sterile inflammation are characterized by increased
serum IC levels and inflammasome activation, a direct connection
has not been made between these two factors.

The current study shows that oxLDL ICs prime the inflamma-
some in dendritic cells (DCs) via FcyRs, TLR4, and CD36. This
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FIGURE 1. oxLDL ICs prime the inflammasome. & 90
BMDCs were treated for 24 h with oxLDL or oxLDL ICs. 2 404
(A) Cytokine levels in culture supernatants were mea-
sured by ELISA. Shown are representative experiments <0
with n =3 biological and technical replicates. Unlike
letters denote significance (p < 0.01) by Student ¢ test,
and error bars indicate SEM. (B) oxLDL ICs were tested
for their ability to act as an activating (left panel) or B 500 -
priming (right panel) signal for the inflammasome.
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followed by oxLDL or increasing concentrations of a5
oxLDL ICs (based on oxLDL concentration) for an ad- -S 300
ditional 3 h (left). For priming experiments (right panel), 2
BMDCS were treated for 3 h with oxXLDL or increasing =
concentrations of oxXLDL ICs, followed by 5 mM ATP for o
1 h. Culture supernatants were tested for IL-13 by 100
ELISA. Shown is one representative of three experiments
with three mice per experiment. Unlike letters denote oxLDL: 25
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crystal formation was analyzed by polarizing light mi-
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one representative of two experiments. Original magni-
fication X1000. (D) BMDCs were treated with oxLDL
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inflammasome activation is independent of previously established
mechanisms, such as cholesterol crystal formation (20). Taken
together, these findings identify a novel and important immuno-
modulatory role for oxLDL ICs and provide a link between TLR
ligand—containing ICs and the inflammasome in sterile inflam-
matory disorders.

Materials and Methods
Mice

C57BL/6) (B6), B6N.129-Nlrp3™H ¥ (Njp37/7), B6.129P2 (SJL)-
Myd88tm1Defr/J (Myd88~'~), and B6.Cg-Tg (TcraTerb) 425Cbn/J (OT-
II) mice were originally obtained from the Jackson Laboratory (Bar
Harbor, ME) and maintained and housed at Vanderbilt University. All mice
used in these studies were on the B6 background. Procedures were ap-
proved by the Vanderbilt University Institutional Animal Care and Use
Committee.

oxLDL and oxLDL ICs

Human native low-density lipoprotein was purchased from Intracel Re-
sources (Frederick, MD) or Sigma-Aldrich (St. Louis, MO). oxLDL was
made by dialyzing human low-density lipoprotein for 24 h against 0.9 M
NaCl at 4°C with two buffer changes, followed by dialysis against 0.9 M
NaCl containing 20 wM CuSO, for 4 h at room temperature. Oxidation
was terminated by dialysis against | mM EDTA in 1X PBS for 16 h with
two buffer changes. Extent of oxidation was determined by TBARS assay

(Cell Biolabs, San Diego, CA). oxLDL ICs were generated by incubating
polyclonal rabbit anti-human apoB-100 (Alfa Aesar, Ward Hill, MA) with
oxLDL at a ratio of 10:1 (500 pg Ab:50 pwg oxLDL) overnight at 37°C.
Unbound Ab and Ag were removed by size-exclusion filtration. For all
experiments, IC concentrations were normalized based on oxLDL concen-
tration to ensure that equal amounts of oxLDL were used in the oxLDL and
oxLDL IC conditions. Fab, fragments were made using the Pierce Fab
Fragmentation Kit (Thermo Fisher Scientific, Waltham, MA), according to
the manufacturer’s protocol. oxLDL-enriched ICs were obtained from the
serum of Apoeil ~ mice fed a Western diet (21% saturated fat, 0.15%
cholesterol) for 12 wk. Whole blood was obtained by retro-orbital bleed-
ing. Serum was incubated with protein G beads for 1 h at room temper-
ature. ICs were eluted from protein G beads, and protein concentration was
calculated by BCA assay, according to the manufacturer’s instructions
(Thermo Fisher Scientific).

Cell culture

Bone marrow—derived DCs (BMDCs) were generated as previously de-
scribed (21). Briefly, bone marrow from hind legs was flushed with RPMI
1640 (Corning, Corning, NY), supplemented with 10% FBS (Life Tech-
nologies, Grand Island, NY), 10 mM HEPES (Corning), and 1X Penicillin/
Streptomycin/L-glutamine (Sigma-Aldrich). Cells were plated in 100-mm?
petri dishes at 2 X 10° cells per milliliter in tissue culture media containing
20 ng/ml rGM-CSF (R&D Systems, Minneapolis, MN). Medium was
replaced on days 3 and 6, and cells were harvested on day 9. To make
BMDCs from various transgenic strains, femurs were shipped overnight.
Femurs from Cd36™'~ mice were obtained from Dr. Kathryn Moore (New
York University, New York, NY). Cdl1 ccre/Sykﬁ""/ fox and 111b™'~ femurs
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were obtained from Dr. John R. Lukens. Femurs from Card9 ™'~ mice were
received from Dr. Thirumala-Devi Kanneganti (22).

ELISA and Western blotting

IL-1B, IL-6, and TNF-a (BD Biosciences, San Jose, CA) ELISAs were
performed according to the manufacturer’s instructions. For Western
blotting experiments, 1 X 10° BMDCs were treated with the indicated
stimuli for 24 h. Cells were lysed with 1X RIPA buffer, and lysates were
separated by 4-20% reducing SDS-PAGE. Blots were incubated with anti-
mouse caspase-1 mAb (Adipogen, San Diego, CA) or anti-mouse NF-kB
p65 Ab (Cell Signaling Technology, Danvers, MA) overnight at 4°C, fol-
lowed by IRDye 680RD goat anti-mouse or goat anti-rabbit (LI-COR,
Lincoln, NE) for 30 min at room temperature. Bands were visualized us-
ing the LI-COR Odyssey System.

Immunoprecipitation

CARDY9-Bcl10-MALT1 (CBM) complex formation was assessed in
whole-cell lysates from BMDCs stimulated for 2 h with oxXLDL or oxLDL
ICs. Cells were lysed in 1X RIPA buffer, followed by immunoprecipitation
with Ab to MALT1, CARD?9, or Bcl10 (Santa Cruz Biotechnology, Dallas,
TX). Western blot analysis was performed as described above with anti-
CARD?Y, anti-Bcl-10, and anti-MALT1 (Cell Signaling Technology).

Real-time quantitative PCR

BMDCs were treated with the indicated stimuli for 2 h. Total RNA was
isolated from cells using Norgen Total RNA Isolation Kits (Norgen Biotek,
Thorold, ON, Canada). RNA concentrations were normalized, and RNA was
reversed transcribed with a High-Capacity RNA-to-cDNA Kit (Applied
Biosystems, Grand Island, NY). The reverse transcription product was used
for detecting mRNA expression by quantitative real-time PCR using
the QuantStudio 6 Flex Real-Time PCR System (Life Technologies). The
cycling-threshold (Ct) value for each gene was normalized to that of
the housekeeping gene Ppia, and relative expression was calculated by the
change in cycling threshold method (AACr).

Flow cytometry

To measure FcyR expression, BMDCs were stained on ice for 30 min with
CD16.2-allophycocyanin, CD16/32-FITC, CD32-Alexa Fluor 488, or
CDo64-allophycocyanin in the absence of Fc block. CD16.2, CD16/32, and
CD64 Abs were purchased from BD Bioscience and diluted 1:200. Abs
were diluted 1:200 in FACS buffer containing HBSS, 1% BSA, 4.17 mM
sodium bicarbonate, and 3.08 mM sodium azide. CD32 Ab, a gift from Dr.
J. Ravetch (The Rockefeller University, New York, NY), was labeled using
an Alexa Fluor 488 Ab Labeling Kit (Thermo Fisher Scientific). Cells were
washed and resuspended in 2% PFA for analysis on a MACSQuant seven-
color flow cytometer (Miltenyi Biotec), and data were analyzed using
FlowJo Single Cell Analysis Version 7.6.5. To measure p-Syk and p-Erk,
cells were stimulated with LPS, oxLDL, oxLDL Fab,, or oxLDL IC for 5
or 15 min. Cells were fixed for 10 min in 1X Lyse/Fix Buffer and per-
meabilized for 30 min using Perm Buffer III (both from BD Biosciences).
After permeabilization, cells were Fc blocked for 15 min, followed by staining
with CD11b-V450 (BD Biosciences), CD11¢c-FITC (BD Biosciences) and
p-Syk Y525/526- PE (Cell Signaling Technology) or with CDI11b-V450,
CD11c-PeCy7, and p-ERK1/2-FITC (all from BD Biosciences).

Statistical analyses

Where appropriate, statistical significance was determined using a Student
t test. If more than two groups were compared, one-way ANOVA was used.
In all cases, p < 0.05 was considered statistically significant.

Results

oxLDL ICs act as a priming signal for the inflammasome

It was demonstrated that ICs containing TLR ligands can enhance
inflammatory responses in DCs and macrophages (4, 23). To de-
termine whether the cytokine response to oxLDL ICs was different
from that generated with oxLDL alone, we incubated BMDCs
with either stimulus for 24 h. Although there were no differences
in TNF-a or IL-6 production between the two treatment groups,
oxLDL ICs induced robust IL-13 production compared with free
oxLDL (Fig. 1A). An additional control of oxLDL-enriched ICs
isolated from hyperlipidemic ApoE-deficient mice was added to
validate our prepared oxLDL ICs. Similar results were seen with

2107

bone marrow—derived macrophages (BMDMs), indicating that this
was not a DC-specific response but likely represented a funda-
mental difference in signaling between oxLDL and oxLDL ICs
(Supplemental Fig. 1). Fig. 1A demonstrates that enhanced IL-13
production to laboratory-prepared oxLDL ICs is similar to
oxLDL-enriched ICs isolated from hyperlipidemic ApoE-deficient
mice and, thus, is likely to be physiologic.

Previous studies showed that oxLLDL activates the inflammasome
through the formation of cholesterol crystals (20). Given that oxLDL
ICs caused enhanced IL-1f production from BMDCs, we hypoth-
esized that oxLDL ICs activate the inflammasome by a similar
mechanism. Canonical inflammasome activation is a two-step pro-
cess that requires a priming signal, typically a pathogen associated
molecular pattern, and an activating signal that can be cell damage,
ATP, or cholesterol or uric acid crystals (24). The first signal leads to
production of pro-IL-1f3, and the second signal cleaves procaspase 1
to active caspase 1, allowing it to convert pro—IL-1$ to its mature
secreted form (14). To determine whether oxLDL ICs served as
signal 2, BMDCs were primed with LPS for 3 h, followed by oxLDL
(25 wg/ml) or increasing concentrations of oxLDL ICs (containing
10, 25, or 50 wg/ml total oxLDL) for an additional 3 h. As an ac-
tivating signal, oxLDL ICs elicited IL-1B levels similar to those of
oxLDL (Fig. 1B, left panel). To test oxXLDL ICs as inflammasome
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FIGURE 2. Inflammasome priming is Nlrp3 and caspase-1 dependent.

(A) BMDCs were stimulated for 2 h with oxLDL or oxLDL ICs. Ex-
pression of inflammasome-related genes was measured using real-time
RT-PCR and expressed as the 27 24T method compared with the no-
treatment group (n = 6 mice). Unlike letters denote significance (p <
0.01) by one-way ANOVA with a Bonferroni posttest. (B) B6 and
Nlrp3_/_ BMDCs were treated for 3 h with oxLDL or oxLDL ICs,
followed by ATP for 1 h. IL-1B production in culture supernatants was
measured by ELISA. Shown is one of three experiments with three mice
per experiment. Unlike letters indicate significance (p < 0.01) by the
Student ¢ test, and error bars represent SEM. (C) BMDCs were treated as
in (B) in the presence or absence of a caspase-1 inhibitor (Z-VAD-FMK)
or a pan-caspase inhibitor (Z-YVAD-FMK). IL-18 production in culture
supernatants was measured by ELISA. Shown is one of three experi-
ments with three mice per experiment. Unlike letters denote significance
(p < 0.01) by one-way ANOVA with a Bonferroni posttest, and error
bars represent SD.
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priming signal 1, BMDCs were incubated with oxLDL or oxLDL
ICs in increasing concentration for 3 h, followed by ATP for an
additional hour. oxLDL ICs elicited significantly more IL-1(3 than
did free oxLDL (Fig. 1B, right panel). oxLDL ICs did not promote
IL-1B through formation of cholesterol crystals, because incubation
of BMDCs with oxLDL or oxLDL ICs for 3 h was not sufficient for
crystal formation (Fig. 1C). Likewise, treatment of BMDCs with the
LPS inhibitor polymyxin B prior to exposure to oxXLDL or oxLDL
ICs had no effect on elicited IL-13 production in BMDCs treated
with oxLDL or oxLDL ICs, ruling out the possibility of endotoxin
contamination in our IC preparations (Fig. 1D).

oxLDL IC priming of the inflammasome is Nlrp3 and caspase-1
dependent

Quantitative PCR analysis of RNA from BMDCs treated with
oxLDL ICs for 2 h resulted in increased transcription of
inflammasome-related genes //1a, 1l1b, and Nlrp3, with no change
in inflammasome-related genes Aim2, Nlrc4, and 1118 (Fig. 2A).
These data indicate that oxLDL ICs induce Nirp3 mRNA levels.
To support this finding, wild-type and Nlrp3~’~ BMDCs were
treated with oxLDL ICs for 3 h, followed by ATP for an additional
hour, and IL-13 was measured in culture supernatants by ELISA.
As expected, the absence of Nlrp3 completely abolished mature
IL-1B production (Fig. 2B). Western blot analysis for cleaved
caspase-1 and measurement of IL-1B production from BMDCs
pretreated with a caspase-1 and pan-caspase inhibitor demonstrate
that oxXLDL IC-mediated inflammasome activation was caspase-1
dependent (Fig. 2C, Supplemental Fig. 2). Taken together, these
data show that oxLDL ICs elicit robust IL-13 production from
BMDCs by inducing production of pro-IL-1§ and Nlrp3.

oxLDL ICs prime the inflammasome via FcyR, TLR4, and
CD36

FcyRs are the canonical receptors for IgG-containing ICs; how-
ever, it is known that oxLDL activates the inflammasome via
TLRs and scavenger receptors (25, 26). To test the role of these
receptors in oxLDL IC-mediated inflammasome activation, we
first measured the baseline expression of FcyRs on BMDCs and
found that BMDCs mainly express the activating receptors FcyRI

[ Isotype Control
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and FcyRIV (Fig. 3A). Next, BMDCs were treated with oxLDL
ICs or oxLLDL Fab, complexes (lacking the Fc portion of the Ab
and inhibiting interaction with FcyRs) in the presence or absence
of the TLR-4 inhibitor CLI-095 for 3 h, followed by ATP for an
additional hour. Treatment of BMDCs with the Fab, complex or
the TLR4 inhibitor decreased IL-1f production by ~50%
(Fig. 3B). Interestingly, treatment of BMDCs with both the TLR4
inhibitor and oxLDL Fab, further decreased IL-1{3, suggesting a
cooperative role for these receptors (Fig. 3B). The contribution of
TLR signaling to oxLDL IC-mediated inflammasome activation
was confirmed using Myd88"~ and Cd36 '~ BMDCs (Fig. 3C,
3D). These data show that oxLDL IC priming of IL-1[3 responses in
BMDC:s is likely a collaboration among FcyRs, TLRs, and CD36.

oxLDL IC signaling through FcyRs induces Syk
phosphorylation

Given that BMDCs express high levels of activating FcyRs and
that treatment of BMDCs with oxXLDL Fab, complex did not
result in enhanced levels of IL-1B (Fig. 3B), we hypothesized
that oxLDL ICs induce phosphorylation of Syk downstream of
activating FcyRs. To test this hypothesis, BMDCs were treated
with oxLDL or oxLDL ICs for 15 min, and Syk phosphorylation
was measured by phospho-flow cytometry. oxLDL IC treatment
of BMDCs increased p-Syk levels, whereas oxLDL did not in-
duce p-Syk (Fig. 4A, left panel). To demonstrate that phos-
phorylation of Syk was due to ligation of FcyRs and not some
off-target effect of oxLDL, BMDCs were treated with oxLDL
Fab, or oxLDL ICs. Again, only oxLDL ICs increased the levels
of p-Syk (Fig. 4A, middle panel). As an additional control,
BMDCs were treated with OVA-containing ICs (ova-ICs), which
caused Syk phosphorylation, although not quite as robustly as
did oxLDL ICs (Fig. 4A, right panel). Interestingly, however,
although ova-ICs induced p-Syk, they did not elicit the increased
IL-1P production seen with oxLDL ICs (Fig. 4B), indicating that
p-Syk is not sufficient to increase production of mature IL-1[3.
Unbound anti-oxLDL also did not elicit IL-13 production from
BMDC:s, further confirming that the Ag and Ab must be present
for this response to occur (Fig. 4B). Because FcyRs can also
signal through ERK to promote anti-inflammatory responses,

FIGURE 3. oxLDL ICs prime the A
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FIGURE 4. oxLDL ICs enhance IL-1
production via p-Syk. (A) BMDCs were
incubated with oxLDL or oxLDL ICs,
oxLDL-Fab,, oxLDL ICs, or ova-ICs for
15 min. Syk phosphorylation was mea-
sured by phospho-flow cytometry. Repre-
sentative line graphs are shown (upper
panels). n = 3 mice per group. Unlike
letters indicate significance (p < 0.001)
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did not just generally induce FcyR-associated kinases but that
the response was more specifically associated with p-Syk.
BMDCs treated with oxLDL ICs for 15 min did not result in
detectable p-ERK (Fig. 4C). This was supported by the signifi-
cant decrease in IL-1B production from oxLDL IC-treated
BMDCs from Syk~’~ mice and in the presence of a Syk inhibitor
(Fig. 4D). Collectively, these data support the hypothesis that
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enhanced inflammasome priming by oxLDL ICs and that con-
comitant ligation of FcyRs, TLRs, and CD36 is required.
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oxLDL IC-mediated inflammasome priming is CARD9
dependent

CARD?9 is an adaptor protein component of the CBM complex, a
signalosome involved in the translocation of NF-«kB to the nucleus
and subsequent production of proinflammatory cytokines (27).
Previous studies showed that ITAM and TLR signaling pathways
converge on CARDY, and CARD9-dependent inflammasome ac-
tivation and IL-1B production are critical in models of fungal
pathogenesis (28-30). To determine whether CARD9 is necessary
for oxXLDL IC-mediated inflammasome responses, wild-type and
Card9™'~ BMDCs were treated with oxLDL or oxLDL ICs for
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FIGURE 5. oxLDL IC inflammasome priming is CARD9 dependent. (A) B6 and Card9™’~ BMDCs were incubated with LPS, oxLDL, or oxLDL ICs in
the presence or absence of a TLR4 or Syk inhibitor for 3 h, followed by ATP for an additional hour. IL-1( in culture supernatants was measured by ELISA
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PCR and expressed as 2 AACT compared with the no-treatment group (n = 3 mice per group). Unlike letters denote significance (Figure legend continues)
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3 h, followed by ATP for an additional hour in the presence or
absence of a TLR4 or Syk inhibitor. CARD9 deficiency had no
effect on IL-1( responses to LPS priming (Fig. 5A, left panel) or
oxLDL-mediated IL-1§ production (Fig. SA, right panel). How-
ever, absence of CARD9 resulted in significant decreases in IL-13
secretion in response to oxLDL IC priming (Fig. SA, right panel).
As seen previously, treatment of B6 BMDCs with a TLR4 or Syk
inhibitor reduced IL-1 levels to those of oxLDL alone, indicating
that TLR4 and FcyRs are necessary for IC-enhanced cytokine
production. Supporting the convergence of these signals on
CARD?Y, pretreatment of Card9™’~ BMDCs with TLR4 or Syk
inhibitors completely abolished IL-1B production. In addition,
CARDO deficiency had no effect on oxLDL-induced expression of
mRNA for Illa, Il1b, or Nlrp3 (Fig. 5B, left panel) but decreased
levels of mRNA for these genes in response to oxLDL ICs
(Fig. 5B, right panel). Absence of CARD9 had no effect on the
level of IL-6 or TNF-a (Fig. 5C). Taken together, these data in-
dicate that oxXLDL ICs prime the IL-1§ response by signaling
through multiple receptors and converging on the adaptor protein
CARDO.

oxLDL ICs induce CBM complex formation and NF-kB
translocation

To test whether oxLLDL ICs elicited transcription of Nirp3 genes
and IL-1B production by promoting formation of the CBM com-
plex, BMDCs were treated for 2 h with oxLDL or oxLDL ICs.
Immunoprecipitation experiments with Abs to MALT1 and
CARD9Y showed that the entire CBM complex was only pulled
down when cells were treated with oxLDL ICs and not oxLDL
alone (Fig. 6A, left and middle panels). When lysates were
immunoprecipitated with an Ab to Bcl10, the entire complex was
pulled down in both treatment groups; however, there were much
higher levels of MALT1 and CARD9 in the BMDCs treated with
oxLDL ICs (Fig. 6A, right panel). Because CBM complex for-
mation was found to promote nuclear translocation of NF-kB, we
measured NF-kB p65 levels in the cytosol and nucleus of BMDCs
treated with oxLDL or oxLDL ICs. oxLDL ICs induced nuclear
translocation of NF-kB, and this translocation did not occur when
the experiment was repeated in Card9™’~ BMDCs (Fig. 6B).
These results support Nlrp3 gene transcription through formation
of the CBM complex.

oxLDL IC—mediated IL-1B3 enhances IL-17 production from
T cells

Given that IL-1$ is an important cytokine involved in Th17 polari-
zation, we hypothesized that oxLDL IC-mediated inflammasome
activation would modulate T cell responses. To test whether increased
oxLDL IC-induced IL-13 production by BMDCs modulated Ag-
specific T cell responses, BMDCs were treated for 24 h with
oxLDL or oxLLDL ICs and then cocultured with bead-purified splenic
OT-Il CD4* T cells in the presence of OVAsj3 330 peptide for an
additional 72 h. Although there were no differences in T cell activa-
tion (Fig. 7A) or proliferation (Fig. 7B), analysis of cytokines in
culture supernatants by ELISA showed that oxLDL IC treatment of
BMDCs induced increased production of IL-17 from T cells com-
pared with oxLDL alone (Fig. 7C). When this experiment was re-
peated using Nlrp3- or 1l1b-deficient BMDCs, IL-17 production was
reduced to levels observed with oxLLDL alone, confirming that oxXLDL
ICs enhance the innate and adaptive immune response (Fig. 7D, 7E).

2111

Discussion

Most studies of the immune response to oxLDL examined free
oxLDL or Ab to oxLDL; however, only a few examined the im-
portance of oxLDL-containing ICs (31-33). Although direct evi-
dence of their role in cardiovascular disease pathogenesis is
lacking, a number of studies provided data suggesting that oxLDL
ICs have disease-modifying potential. For example, Apoe ”~ and
Ldlr~’~ mice deficient in activating FcyRI/III have decreased
atherosclerosis, whereas atherosclerosis-susceptible mice lacking
the inhibitory FcyRIIb show strain-dependent increased or de-
creased atherosclerosis (8, 9, 34). Interestingly, Kyaw et al. (35,
36) elegantly showed that IgG plays an inflammatory role,
whereas IgM inhibits the development of atherosclerosis. Al-
though these studies support a pathogenic potential for oxLDL
ICs, a direct mechanistic understanding of how these ICs may
modulate disease progression is lacking. Furthermore, aside from
work showing that oxLDL ICs bind FcyRI on a human macro-
phage cell line and induce the secretion of proinflammatory cy-
tokines, very little is understood about how oxLDL ICs affect
immune responses in potential inflammatory cells (33). Our
studies show that oxLDL ICs act directly on dendritic cells (and
BMDMs), leading to upregulation of activation markers and dif-
ferential cytokine production compared with oxXLDL alone. This
finding is novel and important because DCs provide a link be-
tween the innate and adaptive immune response.

Our current investigation shows that oxLDL ICs act as priming
signals for IL-1f production and Nlrp3 inflammasome activation
via FcyR, CD36, and TLR4. Studies by Sheedy et al. (37) dem-
onstrated that oxLDL can be a second, activating signal for the
inflammasome through a TLR4/TLR6/CD36 heterotrimer com-
plex. This was largely facilitated by formation of cholesterol
crystals and resulting lysosomal disruption. The investigators went
on to suggest that oxXLDL could act as both a priming and acti-
vating signal for the inflammasome via TLR ligation and cho-
lesterol crystal formation, respectively. Given that high levels of
IL-1B were observed following 24 h of treatment with oxLDL ICs
(Fig. 1A), it is likely that oxLDL ICs are able to act as a priming
and activating signal for the inflammasome even more robustly
than free oxLDL. oxLLDL IC priming of the inflammasome ap-
pears to be due to receptor-specific signaling, leading to produc-
tion of pro-IL-1@3, but the primary mechanism does not involve
cholesterol crystal formation. These data are supported by the
observations that oxXLDL ICs enhance IL-1f production above
oxLDL when used as a priming signal for the inflammasome;
IL-1B production is partially decreased by removing CD36,
TLR4, or FcyR; and oxLDL ICs increase transcription of the
inflammasome-related genes Il/a, 1l1b, and Nlrp3. It is possible
that oxLDL ICs also act as an activating signal in vivo by inducing
cell death via pyroptosis, resulting in the release of cellular con-
tents, including ATP, and by cholesterol crystal formation and
lysosomal disruption following uptake via FcyRs.

The aforementioned study and others showed that oxLDL in-
duces inflammasome-mediated IL-13 production from BMDMs;
however, we were not able to detect IL-1(3 in BMDM supernatants
under our treatment conditions (Supplemental Fig. 1) (37-39).
This discrepancy is likely a time- and dose-dependent issue. Jiang
et al. (38) observed IL-1B production from BMDMs treated with
increasing concentrations of oxLDL (25-200 pg/ml) for 12 h,
choosing to do the majority of the experiments with 200 pg/ml

(p < 0.01) by one-way ANOVA with a Bonferroni posttest. (C) BMDCs from B6 and Card9™"~ mice were incubated with LPS, oxLDL, or oxLDL ICs for
24 h. TNF-a and IL-6 in culture supernatants were measured by ELISA. n = 3 mice per group; error bars represent SEM.
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oxLDL. Similarly, Liu et al. (39) used high concentrations of
oxLDL (50-200 pg) for 24 h. Although these high concentrations
of oxLDL elicit robust responses from innate immune cells, they
are at the extreme upper limit of being physiologically relevant.
We chose to use 10 pg/ml oxLDL for our studies to more closely
mimic conditions in vivo. In addition, the longer incubation pe-
riods used during these studies allowed time for the formation
of cholesterol crystals, which is the primary mechanism by which
oxLDL activates the inflammasome. Our studies used a much
shorter 3-h incubation with the Ags to tease apart the different
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mechanisms by which oxLDL and oxLDL ICs induced IL-1f
production.

A recent study from Duffy et al. (40) showed that IgG-opsonized
inactivated Francisella tularensis was able to activate the
inflammasome in an FcyR/TLR-dependent fashion. The ability of
ICs to enable cross-talk between these two receptors is likely
facilitated by the tight clustering of TLRs and FcyRs in glyco-
protein microdomains (41). In addition, fungal Ags, such as those
from Candida albicans, were found to activate the inflammasome
by binding to several ITAM-associated C-type lectins, including

FIGURE 7. oxLDL-mediated IL-1( pro-

duction by BMDCs enhances Ag-specific

Th17 responses. (A—C) A total of 10*

BMDCs was treated with oxLDL or oxLDL

ICs for 24 h, followed by coculture with 10°
a MACS-sorted OT-I1 CD4" T cells and OVA
peptide (50 wg/ml) for 72 h. (A) T cell ac-
tivation was measured by expression of
CD44 and CD62L on CD4*TCRB* cells
using flow cytometry. Representative dot
plots are shown (left panel), and percentages
b of CD44"CD62L" cells are quantified
(right panel). (B) T cell proliferation was
determined by CellTrace Violet dilution.
Shown is a representative line graph (left
graph); the percentage of proliferating cells
is quantified (right panel). (C) IL-17 was
measured in T cell culture supernatants by
ELISA. Three mice were used per group,
and the experiment was repeated three
times. Unlike letters denote significance
(p < 0.05) by the Student ¢ test, and error
bars represent SEM. The experiment de-
scribed was repeated using Nirp3~'~ (D)
and [11b~"~ (E) BMDCs. IL-17 in culture
supernatants was measured by ELISA. Un-
like letters denote significance (p < 0.01)
by one-way ANOVA with Bonferroni post-
test, and error bars represent SEM (n = 3
mice per group).
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dectin-1, dectin-2, and mincle (28). Binding of these Ags leads to
recruitment and phosphorylation of Syk and further signal prop-
agation, resulting in formation of a CBM complex and nuclear
translocation of NF-kB (28). Our current study shows that, similar
to septic inflammation, oxLDL ICs use the CBM signaling path-
way during sterile inflammation to enhance IL-1f responses in
BMDCs and, by extension, IL-17 production by Ag-specific
T cells. Surprisingly, increased CARD9-mediated NF-«kB trans-
location did not result in increased production of TNF-a or IL-6,
both of which are known transcriptional targets of NF-kB. There
have been a handful of studies implicating CARD9 in increased
TNF-a production in models of fungal pathogenesis and no report
connecting CARD? signaling and IL-6 production (42-44). The
studies examining CARD9-mediated TNF-a production all re-
quired dectin-1 ligation. It is possible that the FcyR—-CARD9
pathway is distinct from the dectin-1-CARD9 pathway and in-
volves a phosphorylation or ubiquitination event that gives NF-xkB
greater affinity for the IL-1 promoter. Because we only examined
TNF-a levels at 24 h, it is also possible that levels are increased at
earlier time points. Greater understanding of the FcyR—-CARD9
pathway in sterile inflammation is an area of continued interested
and warrants further study.

In stark contrast to our study, Janczy et al. (45) recently reported that
IgG ICs inhibit inflammasome activation by LPS in BMDMs. Spe-
cifically, BMDMs primed with LPS in the presence of ICs containing
sheep RBC, OVA, or C. albicans resulted in decreased IL-13 pro-
duction compared with priming with LPS alone (45). We observed
that, similar to BMDCs, BMDMs also exhibit enhanced IL-13 se-
cretion in response to oXLDL ICs (Supplemental Fig. 1). One possible
explanation for the discrepancy between this work and our current
study is that the specific Ag contained in the IC plays an important
role in the immune response. Our data show that oxLDL ICs activate
the inflammasome by binding to multiple receptors on DCs, including
TLR4, CD36, and FcyR. There is no precedent for sheep RBC or
OVA binding to pattern recognition receptors and, although C. albi-
cans can bind TLR2 and TLR4, LPS was shown to upregulate the
expression of the inhibitory receptor FcyRIIb on the surface of cells,
downregulating inflammation (46). Therefore, it is possible that pre-
treatment with LPS decreases IC-mediated inflammatory cytokines
due to increased FcyRIIb expression. Given that high levels of LPS
are not found in sterile inflammation, our experimental system may be
more clinically relevant to diseases such as atherosclerosis, systemic
lupus erythematosus, and rheumatoid arthritis associated with ICs
containing molecules that can signal through TLRs and FcyRs.

In conclusion, the current study demonstrates that oxLDL ICs
have the potential to enhance inflammation by priming the Nlrp3
inflammasome, and molecular mechanisms share signaling path-
ways with pathogens and/or ICs formed during bacterial infections
(28, 40). Collectively, the data suggest that, although such re-
sponses may be beneficial during acute septic inflammation, IC-
mediated production of cytokines, such as IL-13, during chronic
sterile inflammation is likely pathogenic. These findings identify
an important contribution of oxLDL ICs to innate and adaptive
immune responses that go beyond their previous recognition as
biomarkers for atherosclerosis disease severity.
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