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The pyrin inflammasome aggravates inflammatory cell
migration in patients with familial Mediterranean fever

Tayfun Hilmi Akbaba’, Yeliz Z. Akkaya-Ulum', Selcan Demir?, Seza Ozen? and Banu Balci-Peynircioglu’

BACKGROUND: Familial Mediterranean fever (FMF) is an autoinflammatory disease caused by pathogenic variants of the MEFV
gene, which encodes pyrin. Leukocyte migration to serosal sites is a key event during inflammation in FMF. The pyrin
inflammasome is a multiprotein complex involved in inflammation. Here, we aimed to determine the relationship between
inflammatory cell migration and the pyrin inflammasome in FMF patients.

METHODS: Monocytes were isolated from blood samples collected from patients with FMF, healthy controls, and a patient with
cryopyrin-associated periodic syndrome (CAPS), which served as a disease control. Inflammasome proteins were analyzed under
inflammasome activation and inhibition by western blotting. Cell migration assays were performed with the isolated primary
monocytes as well as THP-1 monocytes and THP-1-derived macrophages.

RESULTS: When the pyrin inflammasome was suppressed, migration of monocytes from FMF patients was significantly decreased
compared to the migration of monocytes from the CAPS patient and healthy controls. Cell line experiments showed a relationship

between pyrin inflammasome activation and cell migration.

CONCLUSIONS: These findings suggest that the increased cell migration in FMF is due to the presence of more active pyrin
inflammasome. This study contributes to our understanding of the role of pyrin in inflammatory cell migration through

inflammasome formation.

Pediatric Research (2022) 91:1399-1404; https://doi.org/10.1038/s41390-021-01559-7

IMPACT:

® The pyrin inflammasome may play a role in inflammatory cell migration.
® FMF patients show a pyrin inflammasome-dependent increase in inflammatory cell migration.
® Correlations between the pyrin inflammasome and cell migration were observed in both THP-1 monocytes and THP-1-derived

macrophages.

INTRODUCTION

Autoinflammatory diseases are characterized by recurrent inflam-
matory attacks due to dysfunction of the innate immune system.'
Familial Mediterranean fever (FMF), which is the most common
autoinflammatory disease, is caused by altered pyrin production
due to disease-causing variants in the MEFV gene Pyrin
establishes protein—protein interactions with cytoskeletal ele-
ments, especially actin and actin-binding proteins, suggesting
that it may play an important role in inflammatory cell migration.®
In autoinflammatory diseases, immune cells, primarily neutrophils
and monocytes, migrate to inflammatory sites, and in FMF, these
cells migrate to serosal sites.* Studies have shown that pyrin is
involved in regulating the cytoskeleton, and one study showed
that it colocalizes with polymerized actin during cell migration and
regulates the cellular distribution of PSTPIP1, a key element of
the cytoskeleton.® In addition, it was previously reported that
neutrophils from FMF patients show increased migration com-
pared to neutrophils from healthy controls, which supports the
role of pyrin in inflammatory cell migration.®

Pyrin has been shown to play various roles in many cellular
mechanisms related to inflammatory responses. Recent studies
have shown that pyrin actively participates in the structure of the
pyrin inflammasome and promotes caspase-1 activation, leading to
the production of interleukin-1p (IL-1B); pyrin inflammasomes also
play a role in pyroptosis.® The mechanisms underlying pyrin
inflammasome activation have been explored in several studies.
Magnotti et al.” found that pyrin dephosphorylation was sufficient
for inflammasome activation in patients with FMF, whereas a
second control mechanism was needed for inflammasome
activation in normal controls and non-FMF patients. In one study,
MEFV expression and pyrin inflammasome activation were
increased following inhibition of the mTOR pathway by receptor-
interacting protein kinase 3. Sharma et al.'’ found that the
contribution of pyrin to inflammation and the maturation of IL-18,
a crucial component for promoting barrier integrity, is important
for preventing colon inflammation and tumor formation.

Most studies investigating the effect of inflammasome
activation on cell migration have mainly focused on the NLRP3

'Department of Medical Biology, Hacettepe University Faculty of Medicine, Ankara, Turkey and 2Division of Rheumatology, Department of Pediatrics, Hacettepe University Faculty

of Medicine, Ankara, Turkey
Correspondence: Banu Balci-Peynircioglu (banupeynir@yahoo.com)

Received: 12 January 2021 Revised: 1 April 2021 Accepted: 7 April 2021

Published online: 7 May 2021

© The Author(s), under exclusive licence to the International Pediatric Research Foundation, Inc 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01559-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01559-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01559-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01559-7&domain=pdf
mailto:banupeynir@yahoo.com
www.nature.com/pr

The pyrin inflammasome aggravates inflammatory cell migration in patients...

TH Akbaba et al.

1400

(NOD-, LRR- and pyrin domain-containing protein 3) inflamma-
some. In an animal model of multiple sclerosis, the NLRP3
inflammasome was shown to play a role in inducing T helper cell
migration.'? In addition, the NLRP3 inflammasome was found to
play a role in regulating the proliferation and migration of A549
lung cancer cells.”® However, to date, no study has investigated
the role of the pyrin inflammasome in cell migration.

This study aimed to understand whether the activity of the
pyrin inflammasome is associated with the increased inflamma-
tory cell migration seen in FMF patients. Here, we report that
excess pyrin inflammasome activation increases cell migration in
patients with FMF.

METHODS

Patient groups

Eleven patients who visited the Hacettepe University Pediatric
Rheumatology Department and were diagnosed with FMF
according to PRINTO/Eurofever score and Yalcinkaya-Ozen criteria
were selected as the study group. All FMF patients had M694V
pathogenic variants in both alleles of the MEFV gene. One patient
with cryopyrin-associated periodic syndrome (CAPS), who had
pathogenic variants (Y570F/Y570F) in the NLRP3 gene, and seven
control individuals without any autoinflammatory disease, all aged
5-18 years, were also included in the study.'*'® Each subject and
his/her parents signed a free informed consent form.

Peripheral blood mononuclear cell (PBMC) isolation

Blood samples were collected from the patients diagnosed with
FMF or CAPS and the healthy individuals into 10 mL heparinized
tubes and were delivered to the laboratory at room temperature.
Each blood sample was transferred to a 50 mL tube, and then
10 mL of phosphate-buffered saline (PBS) and an equal volume of
lymphocyte separation medium were added. The samples were
centrifuged at 700 X g for 20 min at room temperature to separate
the cells into layers. PBS was added to collect the PBMC layer,
which was transferred to a new 50 mL tube. The volume was
brought to 50 mL with PBS. Then, the mixture was centrifuged at
700xg for 7min at room temperature. The cell pellet was
dissolved in Opti-MEM. For monocyte culture, the isolated PBMCs
were suspended in serum-reduced cell medium and incubated in
12-well cell culture plates for 2 h at 37 °C in a 5% CO, incubator for
monocyte enrichment.'®

Activation and suppression of the inflammasome

To induce monocyte activation, the cells were plated in 12-well plates
containing 1 pg/mL lipopolysaccharide (LPS) in Opti-MEM (Invitrogen)
and incubated for 6h. To inhibit inflammasome formation,
the primary monocytes were treated with LPS (1 pg/mL) and
arachidonic acid (AA) (60 uM). Opti-MEM alone was used as a
control. Cells were incubated with LPS and AA at the determined
doses for 6h, and then harvested in 35-40pL of protein lysis
solution to isolate proteins for western blotting. In addition to the
primary monocyte experiment, LPS and Clostridium difficile toxin B
(TcdB), a pyrin inflammasome activator, were used to activate
the pyrin inflammasome in THP-1 monocytes and THP-1-derived
macrophages.

Protein isolation and immunoblotting

Protein was isolated from cell suspensions stored in Triton X-100-
containing protein lysis buffer using the heat-shock method.
Protein was isolated from the cell culture medium using the
methanol-chloroform method. The concentration of the protein
isolated from the cells and culture supernatant was determined
using the BCA Protein Assay kit. Equal protein samples were
loaded and separated by electrophoresis and then transferred to
nitrocellulose membranes. The membranes were incubated with
anti-ASC (Cell Signaling Technology), anti-pro-IL-1f (Cell Signaling
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Technology), and anti-pyrin (a kind gift from JJ. Chae, NIH)
antibodies. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was detected with anti-GAPDH (Sigma) antibodies as an equal
loading control. Equal protein samples from cell culture were
loaded and separated by electrophoresis and then transferred to
nitrocellulose membranes. The membrane was incubated with
anti-cleaved IL-1B antibodies (Cell Signaling Technology) to detect
secreted IL-1B. The Coomassie blue-stained gel after transfer was
used as a control for equal loading.

Transwell cell migration assay

A total of 1.5 x 10" cells in 400 uL of Opti-MEM were seeded into
the upper compartment of a Transwell chamber. Then, 600 pL of
Opti-MEM containing 10% fetal bovine serum (FBS) was placed in
the lower chamber, and the cells were allowed to migrate for 2.5 h
at 37°C and 5% CO,. The migrated cells were then treated with
1 mM calcein-AM and incubated for 30 min at 37°C in a 5% CO,
incubator. The upper chamber was photographed at x4 magni-
fication using a Leica IM50 fluorescence microscope. Cells that
migrated to the lower chamber were visualized by calcein-AM
staining using a Leica IM50 fluorescent microscope, and photo-
graphs of each well were taken using Leica Application Suite
3.1 software at x4 magnification. Similar experiments were
performed with undifferentiated THP-1 cells.

Wound healing assay

In wound healing experiments, 2 x 10° THP-1 cells were seeded
into a 6-well plate and incubated for 48h with 200 ng/mL
phorbol-12-myristate-13-acetate (PMA) to induce macrophage
differentiation. Wounds were formed using a 10 uL pipette tip.
The wounds were incubated for 0, 6, and 24 h, and then imaged at
x4 magnification to assess healing.

Statistical analysis

Cells that migrated to the lower chamber of the Transwell
apparatus were quantitated using the “particle analysis” method
in ImageJ 1.46 software. The gap at each time interval and the
closure percentage were calculated as the cells migrated over
time using ImageJ 1.46 software. Protein expression levels and
wound closure were determined using GraphPad Prism 6.1, which
was also used to draw graphics and perform the statistical analysis
between groups. Differences were determined using the
Mann-Whitney U test and Student'’s t test. Statistical significance
was set at p <0.05.

RESULTS

Clinical outcomes of study groups

A total of 11 patients with FMF (six females and five males, median
age 11.7 years (4-19)), one patient with CAPS (male, 10 years), and
seven healthy children (three females and four males, median age
13 years (5-18)) were enrolled in this study. All FMF patients were
homozygous for M694V, and the CAPS patient had somatic NLRP3
mosaicism (Y570F/Y570F). All patients with FMF were treated with
colchicine. Four of them were colchicine resistant and were
treated with anti-IL-1 antibodies. The CAPS patient was treated
with anti-IL.-1 antibodies and on-demand steroids. The demo-
graphic and clinical characteristics of the patients are summarized
in Table 1.

Levels of inflammasome proteins under different conditions

As expected, ASC and pro-IL-1f protein levels in cell lysates and
cleaved IL-1B protein levels in cell culture medium were increased
under LPS stimulation and decreased following inflammasome
inhibition with AA. There were no significant differences in the
expression levels of pyrin protein between FMF patients and control
subjects. Therefore, the difference in pyrin function between the
groups is due to an increase in the rate of participation in the
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inflammasome structure rather than an increase in protein
expression. Under the same conditions, it was found that the
inhibition of other inflammasome proteins was lower in patients
with FMF (Fig. 1).

Migration patterns of inflammatory cells from FMF/CAPS patients
and controls

The application of LPS significantly increased cell migration, while
the application of both AA and LPS significantly decreased cell
migration. Although the migration of cells from FMF patients
increased significantly after LPS application, cell migration was
decreased to less than that of the control when both AA and LPS
were applied (Fig. 2a, b). The migration of cells from the CAPS
patient was significantly increased following the application of
LPS, whereas cell migration decreased similar to that of the control
when AA and LPS were co-applied (Fig. 2¢).

Table 1. Demographics and clinic data of patients, n (%) or mean
(minimum-maximum).
Total FMF CAPS Control
(n=19) (n=11) (n=1) (=7
Age (year) 12.1 (4-19)  11.7 (4-19) 10 13 (5-18)
Female 9 (47.4) 6 (54.5) - 3 (42,9
Male 10 (52.6) 5 (45.5) 1 4 (57.1)
Body mass (kg) 40.2 (15-66) 35.5 (15-59) 20,5 50.6 (21-66)
Diagnosis age 4.1 (1-10) 4.2 (1-10) 3 -
MEFV (M694V/ 11 11 - -
M694V)
NLRP3 (Y570F/Y570F) 1 - 1 -
Colchicine 1 1 - -
Canakimunab 4 3 1 -
Anakinra 1 1 - -
Other drugs? 2 1 1 -
CRP (mg/dL) 0.66 0.96 0.8 0.157
(0.1-1.8) (0.1-1.8) (0.1-0.3)
Sedimentation 10.5 (2-53) 15.7 (2-53) 8 2.7 (2-4)
AIDAI Scores - 5.67 (0-15) 21 -
CAPS cryopyrin-associated periodic syndrome, CRP C-reactive protein, F
female, FMF familial Mediterranean fever, M male, MEFV MEditerranean
FeVer gene, NLRP3 NOD-, LRR- and pyrin domain-containing protein
3 gene.
“Methotrexate and corticosteroid.
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When we evaluated our study groups together under the same
conditions, the inhibition of inflammasome activation, as shown
by the release of IL-1B into serum, was lower in cells derived from
FMF patients than in the cells from the controls (Fig. 3a). The
inhibition ratio of the migration of cells from FMF patients was
significantly different from that of cells from the CAPS patient and
control individuals (Fig. 3b). Overall, IL-13 release and inflamma-
tory cell migration were higher in patients with FMF.

Effect of the pyrin inflammasome on the migration of THP-1 cells
and THP-1-derived macrophage cells

The migration of THP-1 monocytes increased following pyrin
inflammasome activation (LPS + TcdB) and decreased following
inflammasome inhibition (LPS 4 TcdB+AA; Fig. 4). In wound
healing experiments using THP-1-derived macrophages, the rate
of wound closure increased with pyrin inflammasome activation
(LPS + TcdB) and decreased with inflammasome suppression (LPS
+ TcdB+AA) at 6 and 24 h after treatment (Fig. 5). These results
suggest that pyrin inflammasome activation triggers inflammatory
cell migration.

DISCUSSION

Inflammasome activation is a major phenomenon that occurs in
innate inflammatory cells in response to endogenous and
exogenous stimuli. When inflammasomes are activated, various
biological processes in the cell, such as pyroptosis, migration, etc.,
can be induced along with cleavage of IL-1B. Inflammasomopa-
thies, a subtype of systemic autoinflammatory diseases, are
caused by the dysregulation of inflammasome activation.'” FMF
is also considered to be an inflammasomopathy, as this disease
affects the pyrin inflammasome.? Pyrin plays a role in cytoskeleton
organization through its interaction with key components of the
cytoskeleton, such as actin and PSTPIP1 among others.>'® Waite
et al® found that pyrin and ASC localize in dynamically
polymerizing actin-rich tails and pyrin binds to the actin-binding
proteins VASP and Arp3. Regarding the function of pyrin protein in
neutrophils, Balci-Peynircioglu et al.® showed that pyrin-silenced
HL60 cells could not be polarized, and they were not able to
migrate properly. In the present study, we demonstrated the
changes in inflammatory cell migration that occurred following
inflammasome activation and inhibition.

Primary monocytes are important cells that are useful for
studying the migration potential of immune cells following
inflammasome inhibition/activation. Due to the reduced migration
capacity of cryopreserved cells, which can cause deviations in the
results, freshly isolated primary monocytes were used in this

FMF
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Fig. 1 Expression analysis of inflammasome proteins. Western blot images showing the amount of various proteins in cell lysates (pyrin,
ASC, and pro-IL-1B) and cell culture medium (IL-1f) in immune cells from both healthy controls and patients with FMF under different

conditions. GAPDH was used as an equal loading control.
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Fig. 5 Wound healing assay performed in THP-1-derived macrophages. Closure of the wound in THP-1-derived macrophages at 6 and 24 h

after LPS, LPS + TcdB, or LPS + TcdB + AA treatment.

study. Inflammasome activation occurs in two steps: priming and
activation. Although priming is mostly triggered by LPS, there are
many different activators for the various inflammasomes. In this
study, primary monocytes from patients with FMF were stimulated
with LPS, which initiates priming. In the primary monocyte
experiments, we skipped the activation step because sufficient
supernatant IL-13 cleavage was obtained, and we were interested
in investigating the effect of basal inflammasome activation on
inflammatory cell migration. Therefore, a significant effect was
observed with only LPS stimulation. It has been shown that in
patients with FMF, cell migration is increased following activation
of the pyrin inflammasome. CAPS is another autoinflammatory
disease characterized by excessive activation of the NLRP3
inflammasome. The migration pattern of cells from the CAPS
patient was similar to that of cells from the control individuals,
strengthening the hypothesis that increased cell migration may be
specific to FMF. The findings obtained using primary cells from
patients and healthy controls were validated using both THP-1
monocytes and THP-1-derived macrophages, and similar results
were obtained under specific pyrin inflammasome activation/
inhibition conditions. These results support our hypothesis
regarding the importance of the pyrin inflammasome in cell
migration. Indeed, this study showed that FMF patients have a low
threshold for pyrin inflammasome activation, which is consistent
with the literature. We also reported a lower inflammasome
suppression rate with the application of the inhibitory molecule
AA for primary monocytes from FMF patients than for monocytes
from both the CAPS patient and healthy controls.

The most commonly used approach in the treatment of FMF is
the daily administration of colchicine, a tubulin-depolymerizing
agent. However, a small percentage of patients, who are referred
to as colchicine resistant, do not respond to colchicine.'®?°
Colchicine has been reported to reduce ASC specks, the
distribution of PSTPIP1, pyrin-interacting proteins, and inhibit cell
migration.?' Although all the FMF patients in our study group
received daily colchicine (Table 1), they had a higher cell migration
rate under both basal and activation conditions.

Studies have shown that, in addition to genetic factors,
epigenetic regulators, such as microRNAs, can affect various
cellular processes, such as migration, in most rheumatic
diseases.”*** Moreover, products derived from the gut microbiota
can mediate immune cell migration and trigger systemic
autoinflammatory/autoimmune diseases.***> Hence, they may
also have effects on major differential mechanisms, such as cell
migration, in FMF and should be investigated.

Pediatric Research (2022) 91:1399 - 1404

This study has some limitations. First, we were only able to
include one CAPS patient who met the criteria of the study group
since CAPS is a very rare autoinflammatory disease. The second
limitation of the study is that the sampling was performed at a
single time point, but we observed a difference in the cell
migration rate at different time points. Despite these limitations,
the results of our study, along with relevant literature, suggest that
the pyrin inflammasome is more active in FMF disease, and the
increased cell migration seen in patients with FMF may be pyrin
inflammasome dependent.

CONCLUSIONS

The pyrin inflammasome modulates the migration of monocytes,
and excess activation of the pyrin inflammasome due to the
presence of mutant pyrin causes aberrant cell migration in
patients with FMF. We suggest that the relationship between the
pyrin inflammasome and cell migration may be important for
other diseases that affect the pyrin inflammasome.
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