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Inflammasome assembly is required for
intracellular formation of β2-microglobulin
amyloid fibrils, leading to IL-1β secretion
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Abstract

Introduction: Dialysis-related amyloidosis (DRA) caused by β2-microgloblin (B2M) fibrils is a serious complication for
patients with kidney failure on long-term dialysis. Deposition of B2M amyloid fibrils is thought to be due not only to serum
extracellular B2M but also to infiltrating inflammatory cells, which may have an important role in B2M amyloid deposition in
osteoarticular tissues in patients with DRA. Here, we asked whether B2M amyloid fibrils activate the inflammasome and
contribute to formation and deposition of amyloid fibrils in cells.

Methods: Amyloid formation was confirmed by a thioflavin T (ThT) spectroscopic assay and scanning electron mi-
croscopy (SEM). Activation of inflammasomes was assessed by detecting interleukin (IL)-1β in culture supernatants from
human embryonic kidney (HEK) 293T cells ectopically expressing inflammasome components. IL-1β secretion was
measured by enzyme-linked immunosorbent assay. Expression and co-localization were analyzed by immunohisto-
chemistry and dual immunofluorescence microscopy.

Results: B2M amyloid fibrils interacted directly with NLRP3/Pyrin and to activate the NLRP3/Pyrin inflammasomes,
resulting in IL-1β secretion. When HEK293T cells were transfected with inflammasome components NLRP3 or Pyrin,
along with ASC, pro-caspase-1, pro-IL-1β, and B2M, ThT fluorescence intensity increased. This was accompanied by IL-1β
secretion, which increased in line with the amount of transfected B2M. In this case, morphological glowing of amyloid fibrils
was observed by SEM. In the absence of ASC, there was no increase in ThT fluorescence intensity or IL-1β secretion, or any
morphological glowing of amyloid fibrils. NLRP3 or Pyrin and B2Mwere co-localized in a “speck” in HEK293T cells, and co-
expressed in infiltrated monocytes/macrophages in the osteoarticular synovial tissues in a patient with DRA.

Conclusion: Taken together, these data suggest that inflammasome assembly is required for the subsequent triggering of
intracellular formation of B2M amyloid fibrils, which may contribute to osteoarticular deposition of B2M amyloid fibrils and
inflammation in patients with DRA.
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Introduction

β2-microgloblin (B2M), a small subunit of human histo-
compatibility complex I, is located in the plasma membrane
of cells within systemic tissues.1 Dialysis-related amyloid-
osis (DRA) caused by B2M fibrils is a serious complication
for patients with kidney failure long-term dialysis.2,3 DRA is
not limited to focal osteoarticular and synovial tissues such
as the tenosynovium, which causes carpal tunnel syndrome,
tendon sheaths, and the spine; it can occur in every organ.
Clinical manifestations progress gradually, leading to a
deterioration in quality of life.4–7

High local concentrations of B2M at an optimal pH of
2–3, or stabilization of B2M molecules, favor nucleation.8

Although acidic conditions favorable to formation of B2M
in vivo are not always physiological, B2M fibrils are de-
posited primally in osteoarticular tissues around the joints
of DRA patients undergoing dialysis.9 Systemic B2M
amyloidosis was systemically observed in patients on long-
term dialysis; these patients had chronic kidney failure and
high serum B2M concentrations. Therefore, factors other
than B2M accumulation seem to play a role in deposition of
B2M in osteoarticular tissues.10 Indeed, DRA is thought to
be induced not only by B2M deposition but also by de-
position of other biomolecules under favorable nucleation
conditions.11 Naiki et al.12 established an in vitro
nucleation-dependent polymerization model that explains
the general mechanisms underlying amyloid fibril forma-
tion in various types of human and murine amyloidosis.
Formation of amyloid fibers follows a classic nucleation-
polymerization model in which a thermodynamically un-
favorable nucleation reaction becomes favorable once a
stable nucleus is formed.11,12 Since deposition of B2M
amyloid fibrils was not found in human B2M transgenic
mice, even when injected with fibril seeds,13 both serum
extracellular B2M and infiltrating inflammatory cells could
play an important role in B2M amyloid deposition in the
osteoarticular tissues of patients with DRA. Indeed, high
expression of B2M was found in lymphocytes, macro-
phages, and neutrophils that secrete IL-1β, and cellular
production of IL-1 increased after hemodialysis.14,15

Previous studies indicated that amyloid-β (Aβ),16 islets
amyloid polypeptide (IAPP),17 and serum amyloid A (SAA)
18,19 activate the nucleotide-binding oligomerization do-
main, a leucine-rich repeat and Pyrin domain containing
(NLRP) 3 inflammasome. In addition, we reported that Aβ,
IAPP, and insulin amyloid fibrils interact directly with
NLRP3 and activate the NLRP3 inflammasome.20–22 A

recent report suggests that B2M acts as a driver that initiates
inflammatory responses by myeloma-associated macro-
phages, the process of which depends on activation of the
NLRP3 inflammasome after B2M accumulation in these
cells.23

These facts prompted us to hypothesize that B2M
amyloid fibrils interact directly with NLRP3 and activate
the inflammasome, and that low intracellular concentra-
tions of B2M amyloid fibrils activate the NLRP3 in-
flammasome, thereby triggering a chain reaction of B2M
amyloid fibril formation.

In this study, we investigated whether B2M amyloid fibrils
interact directly with NLRP3 and activate the intracellular
NLRP3 inflammasome along the same pathway as Aβ, IAPP,
and insulin amyloid fibrils. We also investigated whether
intracellular B2M forms amyloid fibrils upon inflammasome
activation to identify a possible additional role for in-
flammasome assembly in B2M amyloid fibril formation.

Methods

The nature of this study

The nature of this study is to investigate mechanism of
B2M amyloidosis in view of protein chemistry and mo-
lecular basis of pathology. In order to achieve this purpose,
experiments were conducted by the following methods.

Reagents

Recombinant human B2M was purchased from Wako
(Oriental Yeast Co Ltd, Tokyo, Japan). Thioflavin T (ThT)
was obtained from Sigma-Aldrich (St Louis, MO, USA).

Preparation of denatured monomeric B2M

B2M was dissolved in 2 M Gdn-HCl, 10 mM Tris-HCl
buffer and 0.3MNaCl (pH 8.5), and then was incubated for
1 h at 10°C to allow denaturation.24,25 To remove the
denaturation buffer, samples were placed in Slide-A-Lyzer
Mini dialysis units (2000 MWCO, Thermo Scientific
Pierce, Waltham, MA, USA) and dialyzed against 10 mM
Tris-HCl containing 300 mM NaCl.

Formation of B2M amyloid fibrils

A solution containing 50 μM monomeric B2M was dis-
solved in 150 mMNaCl and 50 mM citrate acid (pH 3.0) as
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described previously.24,25 Formation of B2M fibrils was
induced by incubating this solution at 70°C for 2 h without
agitation.

Scanning electron microscopy

Protein samples (30 μg/mL) were dropped onto a silicon
wafer and allowed to air-dry. Samples were observed
under a field-emission-scanning electron microscopy
(JSM7001FA, JEOL, Tokyo, Japan) at an acceleration
voltage of 15 kV.

Thioflavin T spectroscopic assay

Protein samples (30 μg/mL) were mixed with a ThT
solution (1 μM in PBS). Then, ThT fluorescence was
measured using a microplate reader (BioTek Instru-
ments, Winooski, VT, USA) at an excitation wave-
length of 420 nm and an emission wavelength of
490 nm.

Plasmid construction

Plasmid pcDNA3-NLRP3-FLAG was constructed by
inserting the complete NLRP3 coding sequence (CDS)
into the BamH I and Xho I site of pcDNA3-FLAG. The
NLRP3 CDS was derived from pDONR221-NLRP3.26

pcDNA3-Pyrin-FLAG was constructed by inserting
Pyrin CDS into the Kpn I and Xho I site of pcDNA3-
FLAG. The Pyrin CDS was derived from pCMV4-
FLAG-Pyrin.27 The pcDNA3-apoptosis-associated
speck-like protein containing a CARD (ASC) was
constructed previously.28 The pcDNA3-pro-caspase-1,
pcDNA3-pro-interleukin (IL)-1β, and pcDNA3-B2M
plasmids were constructed by inserting each CDS into
the Kpn I and Xho I site of pcDNA3. The pro-caspase-1
CDS was derived from pDONR221-pro-caspase-1.26

The pro-IL-1β CDS was derived from pDONR221-
pro-IL-1β.26 The B2M CDS was derived from a human
EST clone (FLJ96890AAAF). pEU-E01-NLRP3-Biotin-
ligation site (Bls) was constructed as previously de-
scribed.26 pEU-E01-nucleotide-binding oligomerization
domain protein (NOD)2-Btn was constructed as previ-
ously described.29 pEU-E01-Pyrin-Btn was constructed
by inserting the Pyrin CDS into pEU-E01-GW-Bls. The
Pyrin CDS which derived from pCMV4-FLAG-Pyrin
was subcloned into pDONR221 using a two-step poly-
merase chain reaction (PCR). The first-step PCR product
was amplified using the primers S1- Pyrin_F (CC ACC
CACCACCACCAATGGCTAAGACCCCTAGTGACC) and
Pyrin-T1(F)_R (TCCAGCACTAGCTCCAGAGTCAGGC-
CCCTGACCACCCAC). The second step was carried out
using the primers attB1-S1 (GGGGACAAGTTTGTA-
CAAAAAAGCAGGCTTCCACCCACCACCACCAATG)

and attB2-T1 (GGGGACCACTTTGTACAAGAAAGCTG
GGTCTCCAGCACTAGCTCCAGA). The second PCR
product was inserted into a Gateway pDONR221 vector
(Life Technologies, Carlsbad, CA, USA) using Gateway
BP clonase II Enzyme mix (Life Technologies, Carlsbad,
CA, USA) to generate entry clones. pDONR221-Pyrin
was inserted into pEU-E01-GW-Bls for cell-free protein
expression using Gateway LR clonase II Enzyme mix
(Thermo Fisher Scientific, Waltham, MA, USA). These
constructs were confirmed by sequencing. pEGFP-C2-
NLRP3 was constructed by inserting the complete
NLRP3 CDS into pEGFP-C2. The NLRP3 CDS was
derived from pcDNA3-NLRP3-FLAG. pEGFP-C2-
Pyrin was constructed by inserting the complete
PYRIN CDS into pEGFP-C2. The Pyrin CDS was de-
rived from pcDNA3-Pyrin-FLAG. pDsRed-Express2-
C1-B2M was constructed by inserting the complete
B2M CDS into pDsRed-Express2-C1. The B2M CDS
was derived from pcDNA3-B2M-FLAG.

Recombinant protein synthesis

Cell-free protein expression of ASC and NLRP3 protein
was reported previously.26 The constructed plasmids
were used to synthesize specific proteins with a WE-
PRO1240 Expression Kit (Cell-free, Inc. Matsuyama,
Japan), followed by Western blotting to confirm prompt
protein synthesis.

Amplified luminescent proximity
homogeneous assay

Synthesized protein–protein interactions were assessed
using the amplified luminescent proximity homogeneous
assay (ALPHA). The interaction between NLRP3 and
B2M, Pyrin and B2M, or NOD2 and B2M was assessed.
Pyrin-Btn or NOD2-Btn protein was synthesized by wheat
germ protein synthesis system. Next, 1 μL of Pyrin-Btn,
NLRP3-Btn, or NOD2-Btn were mixed with 1 μL of B2M
in a 20 μL reaction premix. Finally, 10 μL of detection
beads premix containing an anti-B2M mouse monoclonal
antibody (sc-51,510: Santa Cruz Biotechnology, Inc.
Dallas, TX, USA), streptavidin-conjugated alpha donor
beads, and protein A/G conjugated alpha acceptor beads
was mixed in the dark followed by incubation at 25°C for
24 h. The 1/2 area OptiPlate-96 was used for this assay. The
final composition of the reaction mixture was 13 μMB2M,
0.1 M Tris-HCl (pH8.0), 0.01% (v/v) Tween 20, 1 mg/mL
BSA, 0.05 μg/mL anti-B2M, 17 μg/mL streptavidin donor
beads, and 17 μg/mL protein A/G acceptor beads. Fluo-
rescence emission signals from each well were measured
using an EnSpire�Multimode Plate Reader (PerkinElmer,
Waltham, MA, USA).
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Reconstitution of the NLRP3 and Pyrin
inflammasomes in human embryonic kidney
293T cells

Human embryonic kidney (HEK) 293T cells were main-
tained in DMEM (Thermo Scientific Gibco, Waltham, MA,
USA) supplemented with 10% heat-inactivated FBS
(Defined, endotoxin & 10 EU/mL; Cytiva-HyClone
Laboratories Inc. South Logan, UT, USA) and 100
U/mL penicillin-streptomycin (Thermo Scientific Gibco).
Transfection was carried out using the calcium phosphate
method.30 HEK 293T cells (1 × 105) were co-transfected
with the indicated amount of pcDNA3-NLRP3-FLAG or
pEGFP-C2-NLRP3, pcDNA3-Pyrin-FLAG or pEGFP-C2-
Pyrin, or pEGFP-C2 together with pcDNA3-ASC,
pcDNA3-pro-caspase-1, and pcDNA3-pro-IL-1β (in trip-
licated wells). The indicated amounts of pcDNA3-B2M or
pDsRed-Express2-C1-B2M were transfected in a dose
dependent manner. The IL-1β concentration in the culture
supernatants were measured using an enzyme-linked im-
munosorbent assay (ELISA) according to the manufac-
turer’s instructions (BD Biosciences, San Jose, CA, USA).

Fluorescence microscopy for cellular localization

HEK293T cells were transfected with 300 ng of pEGFP-
C2-NLRP3, pEGFP-C2-Pyrin, or pEGFP-C2, plus 300 ng
of pDsRed-Express2-C1-B2M with or without 1 ng of
pcDNA3-ASC, 10 ng of pcDNA3-pro-caspase-1, and
100 ng of pcDNA3-pro-IL-1β. After 24 h, green and red
fluorescence signals were detected by immunofluorescence
microscopy (BX-53, Olympus, Tokyo, Japan), and images
were captured by a CCD camera (DP80, Olympus, Tokyo,
Japan).

Immunohistochemical analysis

Hematoxylin and eosin staining and Congo-Red staining
were carried out according to standard methods. Immu-
nohistochemical analysis was carried out using the anti-
NLRP3 mouse monoclonal antibody [Nalpy3-b], pur-
chased from Enzo Life Sciences (Farmingdale, NY, USA)
and used in our previous study.31 An anti-β-2-micro-
globulin rabbit monoclonal antibody (D8P1H) was pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). An anti-human CD68 mouse monoclonal antibody
(PG-M1) was purchased from Dako (Carpinteria, CA,
USA). Sections were obtained from formalin-fixed
paraffin-embedded tissues. The sections (3 μM thick)
were deparaffinized in xylene and rehydrated through a
decreasing concentration of ethanol solutions. For bright
field histochemistry, endogenous peroxidase activity was
blocked by addition of 0.3% H2O2 in methanol for 30 min.
Before immunostaining, antigen retrieval was carried out

by incubating tissue sections in a microwave in 10 mmol/L
Tris-HCl buffer (pH 8.0) containing 1 mmol/L ethyl-
enediaminetetraacetic acid (EDTA). Sections were blocked
with 1% normal bovine serum in 50 mmol/L Tris-buffered
saline (TBS) (pH 7.6) and incubated overnight at 4°C with
primary antibodies diluted in blocking buffer. Binding was
detected using EnVision+ mouse or rabbit/HRP (Dako,
Carpinteria, CA, USA), and positive signals were revealed
by the addition of diaminobenzidine tetrahydrochloride
(DAB) for bright field immunohistochemistry, or Alexa
Fluor 488 and Alexa Fluor 647 AffiniPure F (ab)2 fragment
goat anti-mouse IgG (H +L) (Jackson ImmunoResearch,
West Grove, PA, USA) for immunofluorescence micros-
copy and dual immunofluorescence analysis. Tissue sec-
tions used for bright field immunohistochemistry were
counterstained with hematoxylin and mounted in Entellan
new (Sigma-Aldrich, St Louis, MO, USA). Tissue sections
used for immunofluorescence microscopy were mounted in
ProLong Glass Antifade Mountant with NucBlue (Hoechst
33,342) (Life Technologies, Eugene, OR, USA). A control
experiment was performed by omitting the primary anti-
body from the staining procedure.

Clinical samples

Paraffin-embedded blocks of osteoarticular tissue from pa-
tients with DRAwere selected from the pathology files of the
Department of Pathology of EhimeUniversity. The study was
approved by the Human Research Ethical Committee of
Ehime University (reference number 1301001).

Thioflavin T staining

Deparaffinized section was counter-stained with hema-
toxylin for 1 min and stained for 3 min with 1% ThT
filtrated by 0.45-μm pore-filter. Then the section was
differentiated for 1 min in 1% aqueous acetic acid.

Statistical analysis

All results are presented as the mean ± standard deviation
of triplicate wells, and the significance of differences was
evaluated using theMann–WhitneyU test. A p-value <0.05
was considered significant.

Results

B2M amyloid fibrils interact directly with both
NLRP3 and Pyrin

First, we tested whether B2M amyloid fibrils interact di-
rectly with NLRP3 in our cell-free system. Formation of
amyloid fibrils was confirmed by the ThT assay and by
SEM analysis (Figure 1(a) and (b)). As shown in the figure,
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formation of B2M amyloid fibrils was confirmed after a
120-min incubation with 50 μM B2M at pH3.0, which is
consistent with the previous study.25 Another previous
study shows that the structure of the amyloid fibrils formed
at acidic pH is similar to that formed at neutral pH.32 Figure
2(a) shows schematics of the C-terminal biotinylated full-
length NOD2 (NOD2-Btn), NLRP3 (NLRP3-Btn), Pyrin
(Pyrin-Btn), and non-tagged B2M used in the experiments
(Figure 2(a)). ALPHA signals emitted between NLRP3-
FLAG, or Pyrin-FLAG and B2M amyloid fibrils were
higher than those emitted by an unbounded control be-
tween NOD2 and B2M (Figure 2(b)). Next, we performed
immunoprecipitation followed by Western blot analysis to
further confirm the interactions between B2M amyloid
fibrils and NLRP3 or Pyrin. The immunoprecipitation
experiment was performed as described previously.33

Consistent with the ALPHA experiments, we found that
non-tagged B2M amyloid fibrils co-immunoprecipitated
with NLRP3-FLAG or Pyrin-FLAG, but not with NOD2-
FLAG (an unbound negative control) (Figure 2(c)).

B2M alone does not form amyloid fibrils in
living cells

To investigate whether B2M forms amyloid fibrils in living
cells, we transfected HEK293T cells with pcDNA3-B2M.
Briefly, HEK293T cells (in triplicate cells) were transfected

with 0, 10, 100, or 1000 ng non-tagged pcDNA3-B2M for
24 h. Each cell lysate was subjected to a ThT assay. There
was no significant increase in ThT fluorescence intensity at
any of the concentrations used (Figure 3(a)).

ASC is required for assembly of the inflammasome
and for intracellular formation of B2M amyloid
fibrils, resulting in secretion of IL-1β by HEK293T
cells

We reconstituted the NLRP3 and Pyrin inflammasome in
HEK293T cells to investigate whether they were activated
by B2M. HEK293T cells were transfected with the indi-
cated amounts of pcDNA3-NLRP3-FLAG, pcDNA3-
Pyrin-FLAG, or pEGFP-C2, plus pcDNA3-ASC,
pcDNA3-pro-caspase-1, and pcDNA3-pro-IL-1β together
with the indicated amounts of pcDNA3-B2M (Figure 3(b)).
The ThT assay revealed a significant increase in ThT
fluorescence intensity in HEK293T cells reconstituted with
the NLRP3 and Pyrin inflammasomes and transfected with
B2M (Figure 3(b)). Notably, the ThT fluorescence intensity
of HEK293T cells reconstituted with the NLRP3 or Pyrin
inflammasome in the absence of pcDNA3-ASC and
transfected with pcDNA3-B2M was significantly lower
than that of cells transfected with pcDNA3-ASC (Figure
3(b)). ThT fluorescence intensity, a measure of amyloid
fibril formations, showed a relationship with IL-1β

Figure 1. Formation of B2M amyloid fibrils and morphological changes. (a) Time course of the ThT assay revealed showing formation of
B2M amyloid fibrils under oligomerization conditions for 120 min at 70°C. (b) Morphological images of B2M under oligomerization
conditions for 0 min (left panel) and 120 min (right panel) at 70°C. Scale bars 1 μm. Data are representative of two independent
experiments.
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secretions (Figure 3(c)). Next, we examined morphological
changes using SEM (Figure 4). Consistent with the data of
the ThT (Figure 2(b)), morphological changes were ob-
served in lysates of HEK293T cells reconstituted with
NLRP3 or Pyrin (but not EGFP) inflammasome and
transfected with 10 ng or 50 ng pcDNA3-B2M (Figures
4(a)–(c)). Notably, and consistent with ThT assay results
(Figure 2(b)), HEK293T cells transfected with 50 ng of
pcDNA3-B2M in the absence of ASC showed no amyloid
fibril in SEM (Figure 4(a) and (b)).

We further confirmed the intracellular co-localization
between B2M and NLRP3 or Pyrin in HEK293T cells by
fluorescence microscopy (Figure 5). HEK293T cells were
transfected with pEGFP-C2-NLRP3, pEGFP-C2-Pyrin, or
pEGFP-C2, plus pcDNA3-ASC, pcDNA3-pro-caspase-1,
and pcDNA3-pro-IL-1β together with pDsRed-Express2-
C1-B2M (Figure 5). Consistent with the results presented
in Figure 4, NLRP3 (green) and B2M (red) accumulated in
the same speck-like aggregate when co-expressed with

inflammasome components (Figure 5). Notably, both
NLRP3 and B2M co-localized diffusely in the cytoplasm in
the absence of ASC or any of the inflammasome com-
ponents (Figure 5). Pyrin (green) and B2M (red) accu-
mulated in the same speck-like aggregate when co-
expressed with inflammasome components, as well as
NLRP3 (Figure 5). Both Pyrin and B2M co-localized
diffusely in the cytoplasm in the absence of ASC or any
of the inflammasome components. Differential interference
contrast image (DIC) revealed that HEK 293T cells were
viable (Figure 5).

NLRP3 and B2M co-localized in monocytes/
macrophages infiltrating the osteoarticular synovial
tissues in a patient with DRA

Next, we performed immunohistochemical analysis to
confirm whether monocytes/macrophages expressing
NLRP3 infiltrated the osteoarticular synovial tissue in a

Figure 2. B2M amyloid fibrils interact with NLRP3 and Pyrin. (a) Schematic representations of NOD2, NLRP3, Pyrin, and B2M. The
PYRIN domain (PYD) is indicated by black boxes. The caspase recruitment domain (CARD) is indicated by a dark gray box. The
nucleotide-binding oligomerization domain (NOD) is indicated by a light gray box. Leucine-rich repeats (LRRs) are indicated by a striped
box. The zinc finger domain (b-Box), a coiled coil (CC) domain and a B30.2/SPRY domain in Pyrin are indicated by a hatched box, a jagged
box, and a punctate box, respectively. The black triangle in B2M indicates a signal peptide. Amino acid sequence numbers are indicated
under each schema. (b) Synthetic protein–protein interactions between C-terminal Biotinylated NOD2, NLRP3, or Pyrin and B2M were
assessed in an amplified luminescent proximity homogeneous assay. Results are expressed as themean ± standard deviation. *A p-value < .05
was considered significant. Data are representative of three independent experiments. (c) Interaction between NLRP3-FLAG or Pyrin-
FLAG and B2Mwas assessed by immunoprecipitation. NOD2was used as a negative control for immunoprecipitation as it is representative
of other NOD-like receptors. IP, immunoprecipitation; WB, Western blot analysis; Lysate, lysate before immunoprecipitation.
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patient with DRA. Extreme amyloid deposition was ob-
served by hematoxylin and eosin, Congo-Red, and ThT
staining (Figure 6(a)–(d)). NLRP3 was detected in infil-
trating cells that were morphologically consistent with
monocytes/macrophages (Figure6(e) and (f)). These cells
were positive for CD68, a monocytes/macrophages marker
(Figure 6(g) and (h)). B2M was detected in deposited

materials, and in infiltrating monocytes/macrophages
around the deposited amyloid (Figure 6(i) and (j)).
There was no non-specific staining of the negative controls
(Figure 6(k) and (l)).

We used immunofluorescence microscopy to confirm
whether NLRP3 and B2M co-localized in the same field
(Figure 7). The green fluorescence signals (NLRP3) and

Figure 3. ASC is required for formation of amyloid fibrils and inflammasome activation. (a) ThT assay of lysates derived from
HEK293T cells transfected with the indicated amounts (in triplicate wells) of pcDNA3-B2M revealed formation of B2M
amyloid fibrils. (b) ThT assay of lysates derived from HEK293T cells transfected with the indicated amounts (in triplicate wells)
of each indicated plasmid. *A p-value <0.05 was considered significant. (c) IL-1β concentration in the culture supernatant of
HEK293T cells transfected with the indicated amounts (in triplicate wells) of each indicated plasmid. *A p-value < .05 was
considered significant.
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Figure 4. Morphological images of the corresponding lysate examined in Figure 3(b). Morphological changes were noted. (a) Pyrin-
FLAG, pro-caspase-1, pro-IL-1β, and B2M with or without ASC were expressed in HEK293T cells. (b) NLRP3-FLAG, pro-caspase-1,
pro-IL-1β, and B2M with or without ASC were expressed in HEK293T cells. (c) EGFP, pro-caspase-1, pro-IL-1β, and B2M with or
without ASC were expressed in HEK293T cells. Scale bars, 10 μm and 1 μm (high power view).
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the red fluorescence signals (B2M) were merged in infil-
trating cells, which were morphologically identical to
monocytes/macrophages (Figure 7, arrowheads) Nuclear
staining of blue (Hoechst 33,342), green (NLRP3), red
(B2M) and merged images suggested that B2M was both
inside and outside of a cell, and deposited in the osteo-
articular tissues in a patient with DRA, and green fluo-
rescence signals (NLRP3) were accumulated in a “speck”
with red fluorescence signals in a pyroptotic cell, having
no nuclear blue fluorescence signal (B2M) (Figure 7,
arrows). DIC and DIC plus merged images revealed that
infiltrating monocytes/macrophages were around B2M

amyloid deposition of the osteoarticular tissues in a pa-
tient with DRA.

Discussion

DRA characterized by focal accumulation and systemic
tissue deposition of amyloid fibrils is a serious com-
plication of long-term dialysis.34 DRA can lead to life-
threatening clinical manifestations such as destructive
spondyloarthropathy, fractures, gastrointestinal in-
volvement, and cardiovascular amyloidosis.7 Therefore,
development of attractive therapeutic targets and

Figure 5. Fluorescence microscopy analysis of cellular localization. HEK293T cells ectopically expressing EGFP-NLRP3, EGFP-Pyrin, or
EGFP-Mock, plus DsRed-B2M with or without ASC, pro-caspase-1, and pro-IL-1β. Green and red fluorescence signals were detected
under an immunofluorescence microscope. Merged images of green and red fluorescence are also presented. Differential interference
contrast image (DIC) of the same filed. Scale bar, 20 μm.
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therapies is awaited. The amyloid fibrils, isolated from a
chronic hemodialysis patients, were identified as B2M.9

Previous studies showed that nucleation-polymerization
is required for formation of B2M amyloid fibrils under
acidic conditions (pH of 2–3).35 Consistent with this, we
found that B2M formed amyloid fibrils at low (pH3) pH
and high (50 μM) concentrations (Figure 1(a) and (b));

however, low pH conditions are not common in human
body. Formation of B2M amyloid fibrils may be supported
by other molecules such as ApoE, proteoglycans, gly-
cosaminoglycans, type-1 collagen, non-esterified fatty
acids, and lysophospholipids.36,37 Thus, factors other than
β2M accumulation also seem to play a role in the depo-
sition of B2M in osteoarticular tissues. Then, we hy-
pothesized that intracellular low concentration of B2M
amyloid fibrils can directly activate NLRP3 in-
flammasome, leading to trigger chain reaction of formation
of B2M amyloid fibrils. Since inflammasome activation is
known to induce pyroptotic cell death accompanied by IL-
1β secretion, intracellular B2M amyloid fibrils may secrete
and deposit extracellular matrix with IL-1β secretion which
may induce further inflammation.

Because we reported previously that IAPP, Aβ, and
insulin amyloid fibrils interact directly with the NLRP3
inflammasome,20–22 we thought that B2M might also in-
teract with NLRP3 to support formation of amyloid fibrils.
As expected, we observed a high ALPHA signal for
NLRP3-Btn plus B2M amyloid fibrils (Figure 2(b)). In
addition, we also observed a high ALPHA signal for Pyrin-

Figure 6. Expression of NLRP3 and B2M in osteoarticular tissue.
Formalin-fixed and paraffin-embedded specimens from a
patient with dialysis-related amyloidosis were stained with
hematoxylin and eosin (H and E) (a), Congo-Red (b), and ThT (c)
with hematoxylin counter stain (d). Serial sections were
immunostained with antibodies specific for NLRP3 (e and f),
CD68 (g and h) and B2M (i and j). A negative control (lacking
the primary antibody) is also included (k and l). Scale bars,
200 μm.and 20 μm (high power view).

Figure 7. Dual immunofluorescence staining of NLRP3 and B2M
in osteoarticular tissue. Green NLRP3 fluorescence and red
B2M fluorescence signals were detected. Nuclear blue Hoechst
33342 signals were also detected. Merged images show green
(NLRP3), red (B2M), and blue (Hoechst 33342) fluorescence.
Differential interference contrast image (DIC) and DIC plus
merged images of the same filed were shown. Scale bar, 10 μm.
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Btn plus B2M amyloid fibrils (Figure 2(b)), suggesting that
B2M amyloid fibrils interacts with NLRP3 and Pyrin. This
was surprising because we selected Pyrin and NOD2 as
comparable negative controls for NLRP3. Therefore, we
performed immunoprecipitation followed by western
blotting to confirm the above results. Consistent with the
ALPHA experiments, non-tagged B2M amyloid fibrils co-
immunoprecipitated with NLRP3-FLAG or Pyrin-FLAG
but not with NOD2-FLAG (Figure 2(c)), suggesting that
both NLRP3 and Pyrin form a complex with B2M amyloid
fibrils.

A previous study pointed out that B2M is located in
granules in neutrophils and monocytes.38 The proteases in
azurophilic granules of neutrophils and monocytes in-
filtrated into the synovial fluid plays an important role in
formation of amyloid fibrils.39 Also Pyrin and NLRP3 are
expressed in neutrophils and monocytes.40 Thus, we hy-
pothesized that inflammasome formation may contribute to
intracellular formation of B2M amyloid fibrils and the
intracellular formation of B2M amyloid fibrils could
contribute to amyloid deposition in osteoarticular tissues in
patients with DRA.

Then, we used a reconstituted inflammasome in
HEK293T cells to test whether B2M forms fibrils with the
NLRP3 and Pyrin inflammasome. HEK293T cells are one
of the most widely used cell lines for biological research
into signal transduction, cancer, and protein expression.41

In addition, reconstruction of the inflammasome in
HEK293T cells is widely accepted in the field of in-
flammasome research because HEK293T cells do not
spontaneously secrete IL-1β.42,43 Thus, we reconstituted
the NLRP3 inflammasome in HEK293T cells for the cell-
based inflammasome-activating assay for B2M.

Expression of B2M protein alone in HEK293T cells
yielded no significant ThT fluorescence intensity (Figure
3(a)). These data seem reasonable because the concen-
tration of expressed B2M was lower than cell-free con-
dition. Low solubility, agitation, or seeding is thought to be
required for formation of amyloid fibrils.44,45 When Pyrin
or NLRP3, along with pro-caspase-1, pro-IL-1β, and ASC,
was expressed ectopically in HEK293T cells, we observed
high ThT fluorescence intensity in cells that were also
transfected with B2M (Figure 3(b)). Notably, ThT fluo-
rescence intensity and IL-1β secretion fromHEK293Tcells
reconstituted with the NLRP3 or Pyrin inflammasome
increased; however, secretion in the absence of ASC was
much lower than in the presence of ASC (Figure 3(b) and
(c)), suggesting that ASC is crucial for formation of am-
yloid fibrils and for IL-1β secretion. Figure 4 shows that
morphological formation of fibrils is consistent with the
results of the ThTassay (Figure 3(b)). Because EGFP could
not form an inflammasome, even when ASC was present,
formation of amyloid fibrils or secretion of IL-1β was not
observed (Figure 3(c)). Therefore, the data suggests that

formation of an inflammasome in the presence of ASC
triggers formation of B2M amyloid fibrils and secretion of
IL-1β. Indeed, cellular IL-1 production increases after
hemodialysis.14,15 These data partially support a role for
ASC plus Pyrin in AA-type amyloid deposition in patients
with familial Mediterranean fever.46

Next, to clarify intracellular or extracellular interaction
between B2M and NLRP3 or Pyrin in HEK293T cells, we
performed fluorescence microscopy analysis after ectopic
expression of EGFP-tagged NLRP3 and DsRed-tagged
B2M, with or without ASC or inflammasome components
(Figure 5). Consistent with the results presented in Figure
4, NLRP3 (green) and B2M (red) accumulated in the same
“speck” when co-expressed with inflammasome compo-
nents (Figure 5). Notably, both NLRP3 and B2M co-
localized diffusely in the cytoplasm in the absence of ASC
or all inflammasome components (Figure 5). Pyrin (green)
and B2M (red) also accumulated in the same speck-like
aggregate when co-expressed with inflammasome com-
ponents and NLRP3 (Figure 5). Both Pyrin and B2Mwere
co-localized diffusely in the cytoplasm in the absence of
ASC or all inflammasome components (Figure 5). Since
ASC is indispensable for inflammasome formation, these
data suggest that inflammasome formation may be re-
quired for formation of B2M amyloid fibrils and not only
for the interaction between B2M and Pyrin or NLRP3.

To obtain pathologically relevant data, we performed
immunohistochemical studies in tissue from a patient
with DRA (Figure 6). NLRP3 was detected in CD68-
positive infiltrating monocytes/macrophages in a ThT-
positive amyloid-deposited osteoarticular tissue in a
patient with DRA (Figure 6(a)–(h)) and was partially co-
expressed with B2M, which was also detected in de-
posited materials (Figure 6(i) and (j)). We further con-
firmed whether NLRP3 and B2M co-localized in the
same field using dual immunofluorescence microscopy.
The green fluorescence signals (NLRP3) co-localized
with the red fluorescence signals (B2M) in infiltrating
cells, which were morphologically identical to
monocytes/macrophages. B2M exist inside and outside
of cells, and deposited around the infiltrating monocytes/
macrophages (Figure 7). These data provide physio-
logically relevant evidence to support our hypothesis and
suggest that intracellular B2M amyloid can be released
and deposited from monocytes/macrophages in the ex-
tracellular matrix, where it plays a role in extracellular
amyloid formation (Figure 7 and 8).

Although the results were highly reproducible, there are
several limitations due to our use of a cell-free system and a
reconstituted inflammasome in HEK293T cells. First, the
efficient B2M amyloid formation was observed only under
the acidic conditions described for the cell-free system.
Importantly, the structure of amyloid fibrils formed at
acidic pH is similar to that formed at pH 7.0.32 In addition,
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Hofbauer et al.23 recently reported that internalized B2M
phagocytosed by macrophages aggregates into amyloid
fibrils under acidic phagosomal conditions and then acti-
vates the NLRP3 inflammasome. Although we know that
acidic conditions are not always physiological, the B2M
fibrils formed under highly acidic conditions may not be
the same as those formed under physiological conditions.

Second, we used a reconstituted inflammasome in
HEK293T cells, rather than neutrophils or monocytes, as a
model of intracellular B2M amyloid fibril formation in
living cells. HEK293Tcells are one of the most widely used
cell lines for biological research.41 In addition, recon-
struction of the inflammasome system in HEK293T cells is
widely accepted in the field because these cells do not
spontaneously secrete IL-1β.42 Although ectopic expres-
sion of B2M amyloid fibrils was observed in HEK293T
cells with a reconstituted inflammasome, this does not
perfectly reflect B2M amyloid deposition in osteoarticular
tissues in DRA. Therefore, we performed an immuno-
histochemical study using anti-human NLRP3 and B2M

antibodies in human patients’ tissues and found that both
accumulated in osteoarticular lesions (Figure 7).

Conclusions

B2M amyloid fibrils interacted directly with NLRP3/Pyrin
to activate the NLRP3/Pyrin inflammasomes, resulting in
IL-1β secretion. ASC is required for assembly of in-
flammasomes and for intracellular formation of B2M
amyloid fibrils; therefore, inflammasome assembly is re-
quired for the subsequent triggering of intracellular for-
mation of B2M amyloid fibrils. The intracellular B2M in
monocytes/macrophages infiltrating the osteoarticular tis-
sue may form amyloid fibrils, as well as activating the
inflammasome, which also induces pyroptotic cell death
and IL-1β secretion leading to further inflammation and
amyloid deposition in the extracellular matrix. Thus, the
intracellular formation of B2M amyloid fibrils may con-
tribute to osteoarticular deposition of B2M amyloid fibrils
and inflammation in patients with DRA.

Figure 8. Inflammasome assembly is required for subsequent triggering of intracellular B2M amyloid fibril formation. Intracellular
DAMPs/PAMPs activate the inflammasome, which acts as a seed for formation of amyloid fibrils by infiltrating macrophages in
osteoarticular tissue, accompanied by Il-1β secretion and pyroptotic cell death (pyroptosis).
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