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Abstract

Objectives. The NLRP3 in�ammasome plays a key role in arterial
wall in�ammation. In this study, we elucidated the role of serum
lipoproteins in the regulation of NLRP3 in�ammasome activation
by serum amyloid A (SAA) and other in�ammasome activators.
Methods. The effect of lipoproteins on the NLRP3 in�ammasome
activation was studied in primary human macrophages and THP-1
macrophages. The effect of oxidised low-density lipoprotein (LDL)
was examined in an in vivo mouse model of SAA-induced
peritoneal in�ammation. Results. Native and oxidised high-density
lipoproteins (HDL 3) and LDLs inhibited the interaction of SAA with
TLR4. HDL3 and LDL inhibited the secretion of interleukin (IL)-1 b
and tumor necrosis factor by reducing their transcription. Oxidised
forms of these lipoproteins reduced the secretion of mature IL-1 b
also by inhibiting the activation of NLRP3 in�ammasome induced
by SAA, ATP, nigericin and monosodium urate crystals. Speci�cally,
oxidised LDL was found to inhibit the in�ammasome complex
formation. No cellular uptake of lipoproteins was required, nor
intact lipoprotein particles for the inhibitory effect, as the lipid
fraction of oxidised LDL was suf�cient. The inhibition of NLRP3
in�ammasome activation by oxidised LDL was partially dependent
on autophagy. Finally, oxidised LDL inhibited the SAA-induced
peritoneal in�ammation and IL-1 b secretion in vivo . Conclusions.
These �ndings reveal that both HDL 3 and LDL inhibit the
proin�ammatory activity of SAA and this inhibition is further
enhanced by lipoprotein oxidation. Thus, lipoproteins possess
major anti-in�ammatory functions that hinder the NLRP3
in�ammasome-activating signals, particularly those exerted by
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SAA, which has important implications in the pathogenesis of
cardiovascular diseases.

Keywords: extracellular vesicle, high-density lipoprotein, low-
density lipoprotein, NLRP3 in�ammasome activation, oxidised
lipoprotein, serum amyloid A

INTRODUCTION

Serum amyloid A (SAA) is a major acute-phase
protein present in serum. It is mainly produced in
the liver under the regulation of cytokines
interleukin (IL)-1, IL-6 and tumor necrosis factor
(TNF). Local expression of SAA has been
demonstrated in both normal tissues 1 as well as in
in�amed tissues, 2 such as in atherosclerotic
plaques and rheumatoid synovial tissue. 3,4 Chronic
in�ammation is one of the key mechanisms that
drive the pathogenesis of atherosclerosis. 5

Importantly, increased plasma levels of SAA
correlate with the risk of cardiovascular diseases 6

and overexpression of SAA by viral vectors leads
to acceleration of atherosclerosis in mice. 7 SAA is
a highly proin�ammatory molecule, and it can
induce the release of cytokines from several cell
types including monocytes, 8,9 macrophages, 10–12

neutrophils, 13,14 �broblasts, 15 mast cells16 and
lymphocytes. 10

The results of the Canakinumab Anti-
In�ammatory Thrombosis Outcome Study
(CANTOS) con�rmed the role of vascular
in�ammation and IL- b in atherosclerosis by
demonstrating that the risk of recurrent
cardiovascular events can be reduced with an IL-
1b-neutralising antibody. 17 IL-1b and IL-18 are
produced as precursors that need to be cleaved to
become biologically active, a process mediated by
in�ammasomes. 18 Numerous endogenous and
exogenous danger signals capable of triggering
the activation of the receptor protein nucleotide –
binding domain and leucine-rich repeat (NLR) –
containing family and pyrin domain (PYD) –
containing 3 (NLRP3) in�ammasome have been
identi�ed. 18 The activated NLRP3 in�ammasome is
a large intracellular signalling complex consisting
of the receptor protein NLRP3 and the adaptor
protein apoptosis-associated speck-like protein
containing a CARD (ASC) that connects the NLRP3
to the downstream effector caspase-1. In
macrophages, two separate signals are needed for
the activation of the NLRP3 in�ammasome. The
�rst signal, the priming step, triggers the synthesis

of NLRP3 and pro-IL-1b in response to the
activation of the pattern-recognition receptors,
such as Toll-like receptors (TLRs). The second
signal is needed to set off the assembly and
activation of the in�ammasome complex that
results in proximity-induced autocleavage of
procaspase-1.18 The activated caspase-1 then
processes pro-IL-1b and pro-IL-18 into their mature
forms. Caspase-1 also cleaves the effector
molecule of pyroptotic cell death, gasdermin D
(GSDMD). Cleavage of GSDMD releases its N-
terminal fragment that oligomerises on the cell
membrane and forms pores that allow the bulk
secretion of mature cytokines, whole
in�ammasome complexes and numerous proteins
that propagate the message of the cell
damage. 18–20 In contrast, NLRP3 activators that do
not activate vigorous pyroptosis �rst induce the
vesicle-mediated secretion of these in�ammatory
molecules.18–21 We and others have previously
shown that SAA is a strong activator of the NLRP3
in�ammasome, 11,12 and interestingly, SAA has the
potential to deliver both of the two signals
needed for the generation of mature IL-1 b. In
human macrophages, SAA activates the synthesis
of pro-IL-1 b by stimulating both TLR2 and TLR4,
whereas the NLRP3 activation cascade involves
signalling via the ATP-receptor P2X7 and requires
activity of the lysosome-derived protease
cathepsin B.11

Considering the powerful proin�ammatory
potential of SAA, it is obvious that regulatory
mechanisms other than transcriptional regulation
must exist. One such mechanism has been
suggested to be the interaction of SAA with
lipoproteins. 2 The baseline level of circulating
lipid-free SAA is relatively low, 22,23 as SAA
predominantly associates and circulates with the
high-density lipoprotein 3 (HDL3). During the
acute-phase response, SAA replaces apoA-I, the
major apolipoprotein in the HDL 3 particles,
becoming the major HDL 3 apolipoprotein. 24

Multiple studies have demonstrated the ability of
lipid-free recombinant SAA as well as puri�ed
human or mouse SAA to induce proin�ammatory
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cytokine release by cultured cells; however, the
proin�ammatory effects of SAA are lost when
SAA is complexed with HDL or when HDL is
present in the incubation medium. 2,8,13,25,26 In the
serum, most of the SAA protein is assumed to
bind to HDL, but SAA can also bind with other
lipoproteins or stay in a lipid-free form. 2,22,23,27

For example, in patients with stable coronary
artery disease, almost one fourth of the
circulating SAA is associated with low-density
lipoprotein (LDL) and very low-density lipoprotein
(VLDL).28 Interestingly, the LDL-SAA complex has
been identi�ed as a potent biomarker for
coronary artery disease, with its sensitivity
exceeding that of serum SAA or CRP alone. 28

Here, we studied the regulation of
proin�ammatory activity of NLRP3 in�ammasome
activators by serum lipoproteins, with an emphasis
on the effect of lipoproteins on the SAA-induced
activation of the NLRP3 in�ammasome in human
macrophages. We report that native lipoproteins,
HDL3, and LDL, and even more surprisingly also
their oxidised forms, strongly reduce the
proin�ammatory cytokine gene expression and
secretion induced by NLRP3 in�ammasome
activators. We further demonstrate that oxidised
LDL can inhibit the SAA-induced IL-1 b secretion in
an experimental mouse model, featuring
peritoneal in�ammation induced by SAA. These
�ndings reveal a novel regulatory pathway
leading to the inhibition of SAA-induced NLRP3
in�ammasome signalling and IL-1 b production
in vivo . As in�ammation and in�ammasome
activation in particular play a crucial role in the
pathogenesis of atherosclerosis, it is vital to
acknowledge both the activating and dampening
pathways that contribute to the chronic
in�ammation present in atherosclerotic lesions.

RESULTS

Native and oxidised lipoproteins inhibit the
SAA-induced cytokine secretion

First, we studied the effect of native HDL 3, the
major carrier of SAA in circulation, and LDL on
the SAA-induced release of IL-1 b and TNF in
primary macrophages. Lipoproteins were added
1 h prior to the addition of SAA. As demonstrated
in Figure 1a, not only HDL 3 but also LDL
signi�cantly and dose dependently attenuated the
ability of SAA to induce the release of IL-1 b and
TNF. Similar results were observed when SAA was

introduced to macrophages as premade complexes
with HDL 3 or LDL, or when lipoproteins were
added 1 h after the addition of SAA (Figure 1b,
upper panel). Also, SAA-enriched AP-HDL puri�ed
from plasma was unable to induce IL-1 b
production (Figure 1b, lower panel).

Oxidised lipoproteins play a signi�cant role in
the pathogenesis of atherosclerosis. 5 Therefore,
we next studied whether oxidation of lipoproteins
modi�es their ability to inhibit the SAA-induced
cytokine production. Both LDL and HDL 3 were
oxidised by Cu 2+, and the level of lipid
peroxidation was determined by TBARS analysis.
The levels were typically 20-30 nmol
malonaldehyde (MDA) mg � 1 protein for LDL and
10–20 nmol MDA mg � 1 protein for HDL 3. As
demonstrated in Figure 1c, inhibition of the SAA-
induced IL-1 b and TNF secretion by oxidised
lipoproteins was even more pronounced than that
exhibited by their native counterparts.
Furthermore, LDL oxidised by cigarette smoke-
treated PBS also inhibited the SAA-induced IL-1 b
release (Figure 1d), verifying that the inhibition is
not because of properties speci�c to copper-
oxidised LDL. As SAA is capable of providing both
the priming and activating signal for the NLRP3
in�ammasome, 11,12 we continued by studying
whether lipoproteins inhibit the SAA-induced
expression of proin�ammatory proteins in primary
macrophages. Figure 1e shows that addition of
both native and oxidised HDL 3 and LDL prior to
SAA activation dose dependently reduced mRNA
levels of both in�ammasome target protein IL1B
and the prototypical proin�ammatory protein
TNF.

Uptake of lipoproteins is not required for
the inhibition of the activity of SAA

Uptake of oxidised lipoproteins could initiate
intracellular signalling resulting in a diminished
proin�ammatory response. Therefore, we next
studied whether internalisation of lipoproteins is
required for their inhibitory effect. This was
assessed by using cytochalasin D, as the
phagocytosis of lipoproteins is dependent on actin
polymerisation. 29,30 As shown in Figure 2a,
cytochalasin D inhibited the uptake of LDL as well
as the uptake of LDL-SAA complexes in primary
macrophages as re�ected by the decrease in the
intracellular content of cholesterol esters (CE) in
the presence of cytochalasin D. However,
inhibition of lipoprotein phagocytosis by
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(a) (b)

(d) (e)

(c)

Figure 1. Native and oxidised lipoproteins dose dependently decrease the SAA-induced cytokine secretion.(a) Primary macrophages were
subjected to native HDL3 or LDL at indicated concentrations for 1 h and then to SAA (3l g mL� 1) for 18 h. Cell culture media were analysed for
IL-1b (upper panel) TNF (lower panel) concentrations by ELISA. Data are expressed relative to SAA alone (control).(b) Upper panel: primary
macrophages were subjected to preformed LDL-SAA or HDL3-SAA complexes for 18 h, or LDL or HDL3 (200 µg mL� 1) for 1 h, followed by 18-h
activation with and SAA (3µg mL� 1) (LDL+ SAA, HDL+ SAA), or activated Þrst with SAA (3l g mL� 1) for 1 h, before applying LDL or HDL3
(200 l g mL� 1) for 18 h (SAA+ HDL, SAA+ LDL). After the incubations, cell culture media were analysed for IL-1b concentrations by ELISA. Data
are expressed relative to SAA alone (control). Lower panel: Primary macrophages were incubated with plasma-derived acute-phase HDL (AP-HDL),
preformed HDL3-SAA complex or SAA (all containing 10l g mL� 1 SAA), for 18 h, and cell culture media were analysed for IL-1b concentrations
by ELISA. Data are expressed as pg mL� 1 of IL-1b. (c) Primary macrophages were subjected to oxHDL3 or oxLDL at indicated concentrations for
1 h and then to SAA (3l g mL� 1) for 18 h. Cell culture media were analysed for IL-1b (upper panel) and TNF (lower panel) concentrations by
ELISA. Data are expressed relative to SAA alone (control).(d) Primary macrophages were subjected to copper-oxidised and cigarette smoke-
oxidised LDL (both 200l g mL� 1) for 1 h and then to SAA (3l g mL� 1) for 18 h. Cell culture media were analysed for IL-1b concentrations by
ELISA and are expressed as pg mL� 1. (e) Primary macrophages were subjected to native or oxidised HDL3 and LDL for 1 h and then to SAA
(3 l g mL� 1) for 5 h. IL1B (left panel) and TNF(right panel) mRNA levels were analysed by quantitative real-time RT-PCR and are expressed as
arbitrary units (a.u.) relative toGAPDH. Mean values from 4(a), 3 and 2 (b), 5 (c, d) and 2 (e) independent experiments are shown.*P < 0.05,
** P < 0.01, *** P < 0.001, **** P < 0.0001.
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cytochalasin D had no effect on the ability of
native or oxidised lipoproteins to inhibit the SAA-
induced secretion of IL-1 b (Figure 2b), suggesting
that internalisation of lipoproteins is not required
for their inhibitory effect.

Inhibition of IL-1 b secretion requires
co-presence of native but not oxidised
lipoproteins with SAA

To elucidate the mechanism by which lipoproteins
inhibit the SAA-mediated IL-1 b secretion, we next
tested whether co-presence of SAA and
lipoproteins is required for the inhibitory effect.
Primary macrophages were �rst incubated in the
presence of native and oxidised lipoproteins for
1 h, after which they were thoroughly washed to
remove lipoproteins, and then, in�ammasome
activation was induced by a 5-h incubation with
SAA. As shown in Figure 3a and b, the ability of
native LDL and HDL 3 to inhibit the IL1B expression
(Figure 3a) and secretion of IL-1 b (Figure 3b) was
lost. Similarly, removal of oxidised lipoproteins
also reversed their ability to signi�cantly inhibit
the expression of IL1B (Figure 3a). However, the
SAA-induced secretion of IL-1 b continued to be
signi�cantly reduced in macrophages
preincubated with oxidised lipoproteins even
when oxidised lipoproteins were removed before
activation with SAA (Figure 3b).

The results above indicated that lipoproteins
have to be co-present with SAA in order to inhibit

the SAA-induced expression of IL1B (Figure 1e).
This prompted us to study whether the inhibitory
effects can be attributed solely to the reduced
NLRP3 in�ammasome priming or whether
lipoproteins also interfere with the in�ammasome
activation step. To address this, we activated
PMA-treated THP-1 macrophages with SAA in the
presence of lipoproteins. PMA treatment induces
the activation of nuclear factor j B (NF-j B) in THP-
1 cells, and therefore, differentiated THP-1
macrophages express in�ammasome components
IL1B and NLRP3in a stable manner. 31 In line with
this, additional priming of THP-1 macrophages
with LPS did not increase the SAA-induced
secretion of IL-1 b (Supplementary �gure 1a). As
demonstrated in Figure 3c, in stably primed THP-1
macrophages, native lipoproteins did not inhibit
SAA-induced in�ammasome activation; instead,
native HDL had an additive effect on the SAA-
induced IL-1 b release. In contrast, oxidised
lipoproteins, oxidised LDL (oxLDL) in particular,
inhibited the SAA-induced IL-1 b secretion also in
these cells. However, oxidised lipoproteins did not
inhibit the pyroptotic cell death, as re�ected by
secretion of LDH (Supplementary �gure 1b).

Previous observations suggesting that the
in�ammatory properties of SAA are lost when it is
bound to HDL 2,8,13,25,25,26 and the present results
indicating that co-presence with SAA is required
for the inhibitory effect of native lipoproteins
imply that binding of native lipoproteins to SAA
may inhibit its interactions with TLR4 and TLR2. 11

(a) (b)

Figure 2. Uptake of lipoproteins is not a prerequisite for the inhibition of SAA-induced IL-1b secretion. (a) Primary macrophages were subjected
to LDL (1 mg mL� 1) or preformed LDL-SAA complexes (1 mg mL� 1 LDL, 25l g mL� 1 SAA) with or without cytochalasin D (1l g mL� 1) for 18 h.
After this, cellular lipids were extracted and analysed by thin layer chromatography. The protein concentration was determined by the Lowry
method. The data are expressed asl g cholesterol ester (CE) per mg cellular protein.(b) Primary macrophages were subjected to preincubation
with native or oxidised HDL3 and LDL (200l g mL� 1) and cytochalasin D (1l g mL� 1) for 1 h and then exposed to SAA (3l g mL� 1) for 18 h.
After the incubation, cell culture media were analysed for IL-1b concentrations by ELISA. Data are expressed relative to respective control (SAA
activation). Mean values shown are from 2(a) or 3 (b) independent experiments.*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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To test this, we studied the impact of lipoproteins
on binding of SAA to TLR4 in HEK-TLR4 cells.
Lipoproteins were added to the cells for one hour
and thereafter either left there or removed before
addition of SAA or LPS. Both native and oxidised
lipoproteins signi�cantly inhibited the SAA-
induced TLR4 activation, with the effect of native
LDL being more pronounced than that of oxLDL
(Figure 3d). Removal of lipoproteins before
activation of the cells with SAA or LPS completely
abolished the inhibitory effects (Figure 3e). In
conclusion, these results suggest that lipoproteins
reduce the interaction of SAA with TLR4, and
thereby inhibit both the priming and activation of
the NLRP3 in�ammasome. Furthermore, the
inhibitory effect of native lipoproteins appears to
result mostly from the reduced NLRP3
in�ammasome priming; that is, they reduce the
expression of pro-IL-1 b, while the inhibitory
effects of oxidised lipoproteins extend beyond
priming.

Lipoproteins inhibit the NLRP3
inßammasome activation by different
activators and activation of different types
of inßammasomes in THP-1 macrophages

Next, we studied whether the inhibitory effect of
oxidised lipoproteins is limited to SAA by studying
their effect on the nigericin-induced NLRP3
in�ammasome activation in THP-1 macrophages.
OxLDL inhibited the nigericin-induced secretion of
IL-1b (Figure 4a), but the effect of oxidised HDL
(oxHDL) was not signi�cant. We con�rmed the
inhibitory effect of oxLDL on the SAA-induced
NLRP3 in�ammasome activation by measuring the
levels mature IL-1 b and active caspase-1 in the cell
culture supernatants by Western blot (Figure 4b).
OxLDL had no signi�cant effect on protein
expression of pro-IL-1 b, procaspase-1 or ASC in
THP-1 macrophages; however, protein expression
of NLRP3 was downregulated by the oxLDL
treatment (Figure 4c). To study whether the






























