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ABSTRACT

Peroxiredoxins (Prxs) are ubiquitously expressed peroxidases that reduce hydrogen peroxide
or alkyl peroxide production in cells. Prxs are released from cells in response to various
stress conditions, and they function as damage-associated molecular pattern molecules.
However, the secretory mechanism of Prxs and their roles have not been elucidated. Thus,
we aimed to determine whether inflammasome activation is a secretory mechanism of

Prxs and subsequently identify the effect of the secreted Prxs on activation of the classical
complement pathway. Using J774A.1, a murine macrophage cell line, we demonstrated that
NLRP3 inflammasome activation induces Prx1, Prx2, Prx5, and Prx6 secretion in a caspase-1
dependent manner. Using HEK293T cells with a transfection system, we revealed that the
release of Prx1 and Prx2 relies on gasdermin-D (GSDMD)-mediated secretion. Next, we
confirmed the binding of both Prx1 and Prx2 to Clq; however, only Prx2 could induce the
Clg-mediated classical complement pathway activation. Collectively, our results suggest that
inflammasome activation is a secretory mechanism of Prxs and that GSDMD is a mediator of
their secretion. Moreover, secreted Prx1 and Prx2 bind with Clq, but only Prx2 mediates the
classical complement pathway activation.

Peroxiredoxin 2; Inflammasome; Gasdermin Dj; Classical complement pathway

INTRODUCTION

Peroxiredoxins (Prxs) are a family of thiol peroxidases that scavenge peroxides, such as
hydrogen peroxide and alkyl hydroperoxide, in cells. Mammals have 6 Prxs; Prx1, Prx2,

and Prx6 are found in the cytoplasm; Prx3 in the mitochondria; Prx4 in the endoplasmic
reticulum; and Prx5 in various cell compartments, including peroxisomes and mitochondria
(1,2). Among these mammalian Prxs, studies have primarily focused on Prx1, Prx2, Prx3, and
Prx4, and their antioxidative functions are well understood.
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Prxs scavenge peroxides that damage DNA, RNA, or proteins in cells, revealed by
experiments using Prx1- or Prx2-deficient mice (3-5). Although the intracellular function of
Prxs is well understood, few studies focused on the extracellular functions of Prxs. Shichita
etal. (0), using a mouse focal brain ischemia model, have reported that Prxs are released
from necrotic brain tissues; the released Prxs mediate the secretion of inflammatory
cytokines, and the amount of the released Prxs correlate with the infarct volume. Salzano et
al. (7) reported that LPS stimulate the secretion of Prx2 from macrophages, and the released
Prx2 induces the secretion of inflammatory cytokines. Recently, He et al. (8) reported that
circulating Prx1 promoted inflammation in a mouse acetaminophen-induced acute liver
injury model. The aforementioned findings suggest that extracellular Prxs function as
damage-associated molecular pattern (DAMP) molecules. However, the secretion mechanism
of Prxs remains unclear.

Inflammasomes are molecular platforms that are activated upon cellular infection or stress.
They trigger the activation of caspase-1 and maturation of proinflammatory cytokines,

such as IL-1B and IL-18, to engage in innate immune defenses (9). Activated caspase-1
cleaves gasdermin-D (GSDMD) and liberates the N-terminal effector domain of GSDMD
(N-GSDMD); consequently, N-GSDMD oligomerizes at the cell membrane and forms a pore
through which small molecules, including IL-1p, IL-18, high-mobility group box-1 (HMGB1),
and DNA, are secreted (10). Since the diameter of the GSDMD pore is 10-16 nm (11,12),
various intracellular components with a size comparable to that of the molecules secreted
through the GSDMD pore could be secreted in this manner.

The complement system—a component of the innate immune system—acts as a first-line
defense mechanism against pathogens and a sensor for altered self-molecules through

three activation pathways: classical, alternative, and lectin (13,14). Conventionally, it is well
accepted that the binding of Clq initiates the classical complement pathway to IgM or IgG in
immune complexes, various pathogen-associated molecular pattern molecules, or apoptotic
cell debris (15,16). We recently reported that HMGB1, a DAMP molecule released upon cell
necrosis or tissue damage, can activate the classical complement pathway and contribute to
sterile inflammation. These findings suggest that various DAMP molecules are candidates for
triggering the activation of the classical complement pathway (17).

Here, we demonstrate that activation of various inflammasomes such as Nod-like receptor
(NLR) family pyrin domain containing 3 (NLRP3), nucleotide-binding oligomerization
domain-like receptor containing a caspase recruitment domain 4 (NLRC4), and absent in
melanoma 2 (AIM2), triggers the release of Prxs from macrophages in a caspase-1 dependent
manner, using molecular studies and a cell culture model system; we identified that GSDMD
was a possible route of Prx secretion, using a transfection system; and we showed that Clq
bound with extracellular Prx1 and Prx2, wherein Prx2 and not Prx1 activated the classical
complement pathway in an Ab-independent manner, using molecular studies and confocal
microscopy. Collectively, our results suggest that inflammasomes possibly mediate the
release of Prx2 from macrophages, and the released Prx2 was an Ab-independent binding
partner of Clq that activated the classical complement pathway.
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MATERIALS AND METHODS

Cells from a murine macrophage cell line, J774A.1 (ATCC, Manassas, VA, USA), were
cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 100 pg/ml
penicillin, 100 U/ml streptomycin, and 2 mM L-glutamine at 37°C under humidified 5% CO,.
In addition, human embryonic kidney (HEK) 293T (ATCC) cells were cultured in DMEM
supplemented with the aforementioned reagents at 37°C under humidified 5% CO.,.

Wild-type or NLRP3 knock-out (KO) C57BL/6 mice were obtained from OrientBio
(Seongnam, Korea) and The Jackson Laboratory (Bar Harbor, ME, USA), respectively. The
mice were housed in a specific-pathogen-free-grade facility with a 12:12-h light:dark cycle
and fed with standard diet and tap water ad libitum under controlled room temperature (RT,
22°C+1°C) and humidity (50%=5%) in the animal facility of Yonsei University. All animal
protocols were approved by the Institutional Animal Care and Use Committees of Yonsei
University (2015-0275). For all experiments, 8-wk-old female mice (20+1.5 g body weight)
were used. The animals were euthanized, and their femur and tibia were extracted. Bone
marrow was collected via warm, serum-free DMEM lavage until no remaining bone marrow
was visible. Bone marrow was collected and filtered through a 40-pm-pore cell strainer (SPL,
Pocheon, Korea) and then washed with excessive media to ensure the removal of all debris.

The cells were then plated onto a 100-mm cell culture-treated dish and differentiated using
20 ng/ml mG-CSF (R&D systems, Minneapolis, MN, USA) in a complete medium for 7 days to
yield BMDMs.

To trigger conventional NLRP3 inflammasome activation, J774A.1 cells were primed with
0.25 pg/ml LPS (Sigma-Aldrich, St. Louis, MO, USA) for 3 h and then treated with 2.5 mM ATP
(Sigma-Aldrich) for 30 min with or without 10 uM Y-VAD (InvitroGen, Carlsbad, CA, USA),

a selective caspase-1 inhibitor. To induce NLRC4 or AIM2 inflammasome, J774A.1 cells were
primed as described above and then transfected with 0.5 pg/ml flagellin (InvitroGen) or 1 pug/ml
poly(dA:dT) (InvitroGen) for 3 h, using Lipofectamine 2000 (InvitroGen) according to the
manufacturer's protocol.

Flag-tagged caspase-11 (Flag-Caspase-11) and either Flag-tagged wild-type GSDMD (Flag-
GSDMD [WT]) or D276A mutant GSDMD (Flag-GSDMD [D276A]) were transfected into
HEK293T cells. Flag-GSDMD (D276A) was constructed in our laboratory. Then, HEK293T
cells were treated with 20 pug/ml LPS for 4 h with or without 10 uM Z-VAD (InvitroGen), a
pan-caspase inhibitor. Alternatively, HEK293T cells were transfected with Flag-tagged wild-
type C-terminal domain of GSDMD (Flag-GSDMD-CT [WT]), wild-type N-terminal domain
of GSDMD (Flag-GSDMD-NT [WT]), or 4A mutant N-terminal domain of GSDMD (Flag-
GSDMD-NT [4A]) and cultured for 48 h.

J774A.1, HEK293T, or BMDM cells were washed with PBS and lysed in 1 X RIPA buffer
(GenDEPOT, Katy, TX, USA) containing 150 nM NacCl, 1% Triton X-100, 1% deoxycholic acid
sodium salt, 0.1% SDS, 50 mM Tris-HCI pH 7.5, 2 mM EDTA, and protease inhibitor cocktail
(GenDEPOT). Whole-cell lysates (WCLs) were centrifuged at 20,000 g (4°C, 15 min) and
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protein sample buffer (100 mM Tris-HCI pH 6.8, 2% SDS, 25% glycerol, 0.1% bromophenol
blue and 5% B-mercaptoethanol) was added, followed by heating at 94°C for 5 min. Protein
concentration was estimated using the BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Equal amounts of proteins were loaded in each gel lane and separated
by SDS-PAGE. The cell culture supernatants were collected, and proteins were precipitated
by adding methanol and chloroform mixture as described in a previous study (18), followed
by the addition of a protein sample buffer and heating as described above; the samples were
loaded in individual lanes and separated by SDS-PAGE. After transferring to nitrocellulose
membranes (GE Healthcare, Chicago, IL, USA), non-specific binding sites were blocked by
incubating the membranes in Tris-buffered saline (TBS) supplemented with 0.1% Tween 20
and 5% (w/v) low-fat milk at RT for 1 h. Anti-Prx1, anti-Prx3, anti-Prx4, anti-Prx5, anti-Prx6
(AbFrontier, Seoul, Korea), anti-Prx2 (Abcam, Cambridge, UK), anti-caspase-1, anti-NLRP3
(Adipogen, San Diego, CA, USA), anti-IL-18 (R&D systems), anti-C5b-9 (Quidel, San Diego,
CA, USA), and anti-B-actin (Cell Signaling Technology, Danvers, MA, USA) Abs were used.
The membranes were washed three times for 10 min with TBS supplemented with 0.1%
Tween® 20 and probed with the appropriate HRP-conjugated secondary Abs (Jackson
ImmunoResearch, West Grove, PA, USA) at RT for 1 h. After washing thrice, an enhanced
chemiluminescence substrate was used for visualization. The membranes were then stripped
by submerging in EzReprobe (ATTO Corporation, Tokyo, Japan) at RT for 30 min.

The binding of Prx1 or Prx2 with C1q was tested using ELISA. A microtiter plate (Corning
Costar, Corning, NY, USA) was coated with 1 pg/ml of human Prx1 (hPrx1), human Prx2
(hPrx2), mouse Prx1 (mPrx1), or mouse Prx2 (mPrx2) per well and blocked with 3% BSA-
PBS. All these recombinant proteins were obtained from the laboratory of Prof. Sue Goo
Rhee (Yonsei University, Seoul, Korea). Various concentrations of recombinant Clq (Sigma-
Aldrich) in PBS were added to the wells and incubated at RT for 2 h. After washing, rabbit
anti-Clq Ab (Dako, Glostrup, Denmark) and HRP-conjugated anti-rabbit Ig (Jackson
ImmunoResearch) were added. Subsequently, 3,3',5,5'-tetramethylbenzidine (TMB) solution
(Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA) was used for color development
for 15 min. Optical density values were measured at 450 nm.

To test classical complement pathway activation triggered by the binding of Clq to either Prx1
or Prx2, a microtiter plate was coated with 1 pg/ml hPrx1, hPrx2, mPrx1, or mPrx2 per well
and blocked with 3% BSA-PBS. Normal human serum (NHS), prepared in our laboratory and
preserved at -70°C, was diluted in veronal-buffered saline (Lonza, Walkersville, MD, USA)
and added to the wells at 37°C for 20 min or 45 min to measure C4b or C5b-9 deposition,
respectively. After washing with PBST at 4°C, the cells were incubated with anti-C4b Ab
(Dako) or anti-C5b-9 Ab (Quidel) at 37°C for 1 h and then probed with appropriate HRP-
conjugated secondary Abs at RT for 1 h. After washing with PBST, a TMB solution was used
for color development for 15 min. Optical density values were measured at 450 nm. To
delineate whether Prx2 activated the complement pathway in a C1q-dependent manner, a
microtiter plate was coated with 1 ug/ml hPrx2 per well and blocked with 3% BSA-PBS. A
Clg-depleted human serum (Quidel) or C1q-depleted human serum supplemented with Clq
was diluted in veronal-buffered saline and added to the wells at 37°C for 45 min to measure
the C5b-9 deposition. After performing all the aforementioned procedures, the optical
density values were measured at 450 nm. To identify C5b-9 accumulation on the cell surface
following complement activation mediated by hPrx2, J774A.1 cells were incubated in serum-
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free RPMI 1640 medium, and 10% NHS and 5 pg/ml hPrx2 were added. After 2 h, the culture
supernatants were removed, and WCLs were processed and analyzed by immunoblot assay as
described above.

Complement consumption assay was performed using the protocol described in previous
studies (19,20). The consumption of human hemolytic complement by hPrx2 was calculated
from the quantitative assay of residual CHsy, in NHS after reaction with various concentrations
of hPrx2. Briefly, diluted NHS (CHs,) was incubated with various quantities of hPrx2 at 37°C
for 30 min. Afterward, Ab-sensitized sheep erythrocytes were added, and the mixture was
incubated at 37°C for 30 min. To stop the reaction, 4°C veronal-buffered saline was added.
Supernatants were harvested after centrifugation, and absorption values were determined at
405 nm. Relative complement consumption was calculated using the following formula:

ODsample - ODspontaneous hemolysis

Relative complement consumption (%) = 1 — x 100,

ODhemolysis by normal human serum — ODspontaneous hemolysis

where OD refers to optical density.

C3c accumulation following complement pathway activation was observed under confocal
microscopy. J774A.1 cells were plated on Lab-Tak™II 8-well chambers (Thermo Fisher
Scientific), and the culture medium was changed to serum-free RPMI 1640. The cells were
incubated with 1 or 5 pg/ml hPrx2 in 10% NHS at 37°C for 2 h. After removing the culture
supernatant, the cells were fixed with 4% paraformaldehyde (Biosesang, Seongnam, Korea)
in PHEM buffer at RT for 30 min and washed with 4°C PBS. After blocking with 1% BSA-PBS
at RT for 1 h, the cells were reacted with mouse anti-C3c-FITC Ab (Abcam) at RT for 2 h and
then stained with DAPI (Vector Laboratories, Burlingame, CA, USA). Using FV1000 confocal
microscopy (Olympus Optical, Tokyo, Japan), C3c accumulated on the cell surface was
observed.

For immunoblot analysis, films were scanned, and the band density was determined using

a densitometer and the image analysis software Image] (Version 1.53; National Institutes

of Health, Bethesda, MD, USA). Analysis of all experimental data was performed by either
Student's #-test or one-way ANOVA using GraphPad Prism (Version 9.0.0; GraphPad
Software, San Diego, CA, USA). Data are represented as their mean value and standard error
of the mean, as indicated in individual figure legends. Statistical differences were considered
significant at p<0.05.

RESULTS

Inflammasome activation leads to caspase-1 activation and results in pore formation at the
plasma membrane, allowing the secretion of various intracellular molecules (9,10). To examine
whether inflammasomes activation could mediate the secretion of Prxs from macrophages
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Figure 1. Inflammasomes mediate Prx secretion from murine macrophages in a caspase-1-dependent manner.
J774A.1 cells were primed with 0.25 pg/ml LPS for 3 h; then, they were treated with 2.5 mM ATP for 30 min (A) or transfected with either 0.5 pg/ml flagellin (B) or
1 pg/ml poly(dA:dT) for 3 h (C) in the absence or presence of 10 uM Y-VAD. Supernatants (Sup) were subjected to SDS-PAGE and immunoblotting.
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and whether the secretion of Prxs was dependent on caspase-1, we stimulated J774A.1 cells
with LPS and ATP in the absence or presence of Y-VAD, a selective caspase-1 inhibitor, and
observed the secretion of various Prxs by immunoblotting the culture supernatants of the

cells (Fig. 1A). Among the 6 Prx subtypes, Prx1, Prx2, Prx5, and Prx6 were detected in the
culture supernatants upon NLRP3 inflammasome activation in a caspase-I-dependent manner,
whereas Prx3 and Prx4 were not secreted upon such stimulation. Since Prx1 and Prx2 act as
DAMP molecules among the various Prxs (7,8), we focused on Prx1 and Prx2 in the subsequent
experiments. We observed that NLRP3 inflammasome activation induced the secretion of

Prx1 and Prx2 in BMDMs (Supplementary Fig. 1A). Other stimuli, such as LPS+nigericin or
LPS+alum, that induce NLRP3 inflammasome activation also induced Prx2 secretion in J774A.1
cells (Supplementary Fig. 1B). Furthermore, using NLRP3-deficient BMDMs, we observed
that Prx2 secretion induced by LPS/ATP occurred in an NLRP3 inflammasome-dependent
manner (Supplementary Fig. 1C). Next, we examined the possibility that NLRC4 and AIM2
inflammasome activation also triggered the secretion of Prx1 and Prx2 in a caspase-I-dependent
manner. We stimulated J774A.1 cells with LPS and either flagellin or poly(dA:dT) to activate
NLRC4 or AIM2 inflammasome, respectively, in the absence or presence of Y-VAD; then, we
observed the secretion of Prx1 and Prx2 (Fig. 1B and C). Similar to the NLRP3 inflammasome
activation, NLRC4 (Fig. 1B) and AIM2 (Fig. 1C) inflammasome activation also induced the
secretion of Prx1 and Prx2 in a caspase-l-dependent manner.

Release of Prx1 and Prx2 is dependent on GSDMD-mediated secretion

Next, we evaluated the role of GSDMD in the secretion of Prx1 and Prx2 with HEK293T cells
using a transfection system. Various inflammatory caspases activated during inflammasome
activation cleave GSDMD and liberate N-GSDMD; the liberated N-GSDMD oligomerizes

at the cell membrane and forms a pore (10). Inflammatory caspases recognize the linker
domain of GSDMD, and oligomerization of N-GSDMD is mediated by its aspartic acid
motif; thus, we transfected HEK293T cells with different expression vectors. To analyze the
effect of the non-cleaved form of GSDMD and the effect of the non-pore forming form of
GSDMD, Flag-GSDMD (D276A) and Flag-GSDMD-NT (4A) were used, respectively (Fig. 2A)
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Figure 2. Release of Prx1 and Prx2 is dependent on GSDMD-mediated secretion.

(A) Diagram of GSDMD structures that used in the experiments. (B) HEK293T cells were transfected with Flag-Caspase-11 and Flag-GSDMD (WT) or Flag-GSDMD
(D276A) and stimulated with 20 pg/ml LPS for 4 h in the absence or presence of 10 yM Z-VAD. Sup and WCLs were subjected to SDS-PAGE and immunoblotting.
(C) HEK293T cells were transfected with Flag-GSDMD-CT (WT), Flag-GSDMD-NT (WT), or Flag-GSDMD-NT (4A). Sup and WCLs were subjected to SDS-PAGE and

immunoblotting.

(12,21-23). In the Flag-GSDMD (WT)-transfected HEK293T cells, caspase-11 activation upon
LPS transfection showed the secretion of Prx1 and Prx2 in a caspase-11-dependent manner.
However, in Flag-GSDMD (D276A)-transfected HEK293T cells, caspase-11 activation upon
LPS transfection showed reduced secretion of Prx1 and Prx2 compared with that in Flag-
GSDMD (WT)-transfected HEK293T cells (Fig. 2B). In Flag-GSDMD-CT (WT)-transfected
HEK293T cells, Prx1 and Prx2 were rarely detected in the culture supernatants, whereas
Flag-GSDMD-NT (WT)-transfected HEK293T cells (wherein N-GSDMD spontaneously
oligomerized and formed pores at the plasma membrane) showed remarkable Prx1 and
Prx2 secretion. However, in Flag-GSDMD-NT (4A)-transfected HEK293T cells, in which
N-GSDMD could not oligomerize and form pores at the plasma membrane, showed reduced
secretion of Prx1 and Prx2 (Fig. 2C).
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Figure 3. Prx1 and Prx2 are bound to Clq.

(A-D) Recombinant mPrx1, mPrx2, hPrx1, or hPrx2 proteins (1 pg/ml) were immobilized on a microtiter plate, and
different concentrations of Clq were added for performing ELISA. A blank was used as a negative control. Data
are expressed as means+SEMs (n=3). *p<0.05, **p<0.001 as Student's paired t-test.

Next, we investigated the binding capacity of Prx1 and Prx2 with C1q to elucidate the
possibility that secreted Prx1 or Prx2 could activate the classical complement pathway. Thus,
investigating the binding capacity of Prx1 or Prx2 with Clq could be useful to explore this
possibility. To determine whether Prx1 or Prx2 is bound to Clq, microtiter plates were coated
with mPrx1, mPrx2, hPrx1, or hPrx2, and binding of C1q with various forms of Prx1 or Prx2
was measured using ELISA (Fig. 3A-D). We observed that C1q bound with mPrx1, mPrx2,
hPrx1, and hPrx2 in a concentration-dependent manner. (Fig. 3A-D).

Clq is the initial component of the classical complement pathway activation, and it induces
the cleavage of C4 to C4b. Thus, we measured C4b deposition using ELISA after adding an
increasing concentration of NHS on mPrx1, mPrx2, hPrx1, or hPrx2-coated plates; anti-
C4b was added to verify whether cleavage of C4 is induced by the binding of Prx1 or Prx2

to Clq. We observed that mPrx2 and hPrx2 induced C4b deposition; mPrx1 and hPrx1
induced C4b deposition insufficiently (Fig. 4A). Next, we observed C5b-9 deposition,
known as a membrane attack complex (MAC) and the final effector of the complement
system, using ELISA. Increasing concentrations of NHS were added to mPrx1, mPrx2,
hPrx1, or hPrx2-coated plates, and anti-C5b-9 Ab was added to monitor the accumulation
of C5b-9. Consequently, we observed that mPrx2 and hPrx2 induced C5b-9 deposition in an
NHS concentration-dependent manner; however, mPrx1 and hPrx1 failed to induce C5b-

9 deposition (Fig. 4B). C3c (a cleaved form of C3b) is another product of the complement
pathway activation. We observed its accumulation on the cell surface using confocal

https://doi.org/10.4110/in.2021.21.e36 8/16
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Figure 4. Binding of Prx2 to C1q activates the classical complement pathway.

Recombinant mPrx1, mPrx2, hPrx1, and hPrx2 proteins (1 pg/ml) were immobilized on a microtiter plate and incubated with various concentrations of NHS to
measure the quantity of C4b (A) or C5b-9 (B) deposition using ELISA. (C) J774A.1 cells were incubated with 10% NHS in the absence or presence of 1 or 5 pg/
ml hPrx2 at 37°C for 2 h. Immunofluorescence staining was performed with anti-C3c-FITC Ab (scale bar=50 pm). (D) The mean relative fluorescence intensity

of four visual fields was calculated using ImageJ. Data are expressed as means+SEMs (n=4). (E) Recombinant hPrx2 protein (1 pg/ml) was immobilized on a
microtiter plate and incubated with various concentrations of C1g-depleted NHS (C1g-DS) or Clqg-reconstituted NHS (C1q-DS+C1q) to measure the amount of
C5b-9 deposition. Data are expressed as means+SEMs (n=3). DIC, differential interference contrast. *p<0.01, ***p<0.001 as Student's paired t-test (A, B, and E).
#p<0.05, ***p<0.001 vs. 10% NHS in the absence of hPrx2 using one-way ANOVA with Bonferroni correction (D).

microscopy. J774A.1 cells were treated with 10% NHS in the absence or presence of 1 or 5 pg/
ml hPrx2, and C3c was detected using an anti-C3c Ab conjugated with FITC. Treatment with
10% NHS and hPrx2 induced more C3c deposition on the J774A.1 cells than did the treatment
with 10% NHS in the absence of hPrx2 (Fig. 4C). The relative values of fluorescence intensity
were 1.90 and 2.83 in the presence of 1 and 5 pg/ml hPrx2, respectively, compared with that
on treatment with 10% NHS in the absence of hPrx2 (Fig. 4D). Moreover, we tested whether
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Prx2 induces the activation of the complement pathway in a Clq-dependent manner using
Clg-depleted serum. Increasing concentrations of C1q-depleted NHS or Clg-reconstituted
NHS were added to hPrx2-coated plates, and anti-C5b-9 Ab was added to observe the
accumulation of C5b-9. Clg-reconstituted NHS induced C5b-9 deposition in an NHS
concentration-dependent manner and showed more C5b-9 deposition than that induced by
Clg-depleted NHS (Fig. 4E).

We performed a complement consumption assay to verify our hypothesis that the hemolytic
activity of complement could be mediated by hPrx2. Various concentrations of hPrx2 were
pre-incubated with CHs, NHS, after which Ab-sensitized sheep erythrocytes were added to
measure the residual complement lytic activity. The aggregated IgG was used as a positive
control. The complement consumption induced by hPrx2 increased in a concentration-
dependent manner. The levels of complement consumption were 19.7% and 30.5% in the
presence of 15 and 30 pg/ml hPrx2, respectively (Fig. 5). This result suggests that hPrx2
activates the hemolytic activity of the complement.
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Figure 5. Complement is consumed by Prx2.

Various concentrations of the recombinant hPrx2 protein were incubated with diluted NHS containing CHs,
activity at 37°C for 30 min. After complement consumption by hPrx2, Ab-sensitized sheep erythrocytes were
added in the consumed NHS at 37°C for 30 min. Aggregated IgG was used as a positive control. Data are
expressed as means+SEMs (n=3). *p<0.05, ***p<0.001 vs. 1 ug/ml hPrx2 using one-way ANOVA with Bonferroni

correction. ***p<0.001 vs. 30 pg/ml hPrx2 as Student's paired t-test.
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Figure 6. Prx2 increases C5b-9 deposition on murine macrophage.

(A) J774A.1 cells were treated with 10% NHS in the absence or presence of 5 pg/ml hPrx2, and WCLs were
subjected to SDS-PAGE and immunoblotting. (B) Densitometric analysis of immunoblots was used to estimate the
relative abundance of C5b-9 normalized to that of B-actin. Data are expressed as means+SEMs (n=3).

**p<0.01vs. 10% NHS only using one-way ANOVA with Bonferroni correction.
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Figure 7. A model of Prx2 secretion and Prx2-mediated classical complement pathway activation.
Upon inflammasome activation, active caspase-1 cleaves GSDMD. Cleavage of GSDMD results in GSDMD-NT; GSDMD-NT form pore on the plasma membrane;
Prx2 is released through GSDMD pores; the released Prx2 binds with C1q and activates the classical complement pathway.

So far, we have shown that Prx2 binds with C1q, and the binding induces activation of

the classical complement pathway. We next tested whether components of complement
pathway activation induced by Prx2 could be accumulated on cells. J774A.1 cells were treated
with 10% NHS in the absence or presence of 5 pg/ml hPrx2, and C5b-9 was detected by
immunoblotting of WCLs. C5b-9 deposition on J774A.1 could be observed in the presence of
10% NHS, and this deposition was intensified with the addition of 5 pg/ml hPrx2. Whereas
hPrx2 itself, in the absence 0f 10% NHS, showed no detection of C5b-9 deposition on J774A.1
(Fig. 6A and B). A model of Prx2 secretion and Prx2-mediated classical complement pathway
activation is summarized in Fig. 7.

DISCUSSION

Prxs are well-known antioxidant proteins that scavenge peroxides in cells. In this aspect,
many studies demonstrated that Prxs could play a protective role in diverse disease models
(24-28). Recent evidence has suggested that Prxs could possibly act as DAMP molecules
mediating the secretion of inflammatory cytokines as shown in various disease models
(1,6-8). To be referred to as a DAMP molecule, a certain molecule should be released upon
cellular stress or tissue injury and should induce inflammation by triggering the innate
immune response (29). In previous studies regarding the role of Prxs in the context of
inflammation, released Prxs induced expression and secretion of inflammatory cytokines
from inflammatory cells and were associated with tissue damage in multiple disease
models. Particularly, Prxs released from necrotic brain cells induced IL-1, IL-23, and TNF-a
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expression in macrophages through activation of TLR2 and TLR4, and Prx1 released in the
context of acute liver injury induced IL-1p, IL-6, and TNF-o production from macrophages
through NF-kB and NLRP3 inflammasome signaling (6,8). However, these studies only
described the effect of released Prxs on the inflammatory response, whereas the mechanism
through which release of Prxs occurs was not mentioned or investigated. And these studies
focused on the expression or secretion of inflammatory cytokines and tissue damage induced
by released Prxs, whereas the effect of released Prxs on activation of the complement system
remains to be elucidated (6-8).

In this study, we showed that inflammasome activation could be a mechanism triggering

the release of Prxs, and GSDMD pore formation could be the route allowing the release

of the Prxs. Conventionally, inflammasome activation and subsequent formation of the
GSDMD pores have been mainly associated with the release of IL-1f, IL-18, and several

DAMP molecules such as HMGB1, DNA, and ATP (10,30). Recently, several studies have
suggested the association between released Prxs and inflammasome activation, showing

that the released Prxs could induce inflammasome activation and secretion of IL-1f (6,8).
However, the hypothesis that inflammasome activation could induce the release of Prxs

has not been elucidated. Based on these data, we propose that various Prxs are released

upon inflammasome activation in a caspase-1 dependent manner, and GSDMD pore could

be a mediator of the Prx release. Specifically, Prx1, Prx2, Prx5, and Prx6 are released upon
inflammasome activation in a caspase-l-dependent manner among the 6 types of Prxs.
Differential distribution of various Prxs in the intracellular compartment may be a reason why
different release patterns exist according to the type of Prxs upon inflammasome activation
(1). A few studies have investigated the role of Prxs as a DAMP molecule in the context of
various disease models. However, they did not suggest the secretory mechanism of Prxs (6-8).
In this aspect, our findings provide novel insight into Prxs as DAMP molecules.

We observed that the mouse and human forms of Prx1 and Prx2 could bind with Clq, and
the binding of C1q with Prx2, but not with Prx1, could induce the activation of the classical
complement pathway, resulting in C5b-9 deposition. The classical complement pathway is
activated by C1q binding with Ag-Ab complexes or binding with the PTX3 family of plasma
proteins such as C-reactive protein, amyloid protein, and PTX3 (31), and as recently revealed,
with HMGBI (17). These findings, along with our data, suggest that Prx2 may be another
ligand of C1q that may be capable of Ab-independent activation of the classical complement
pathway; extracellular secretion of Prx2 by inflammasome activation could induce further
inflammatory responses via activation of the classical complement pathway. However, further
investigation is necessary to determine the detailed mechanism of C1q binding with Prx2 in
a specific disease model and the subsequent classical complement pathway activation and
functional role of C1q binding with Prx1.

Activation of the complement pathway results in cell lysis or tissue damage by MAC, the
terminal effector of the complement pathway. However, there are multiple recovery or
resistance mechanisms against the cell Iytic activity of MAC. In the presence of these recovery
or resistance mechanisms, a sub-lytic or non-lethal dose of MAC induces various biological
responses (32,33). For instance, in inflammatory cells, sub-lytic or non-lethal doses of MAC
could trigger the synthesis and release of proinflammatory mediators, such as reactive oxygen
metabolites, metabolites of arachidonic acid including prostaglandins, thromboxanes, and
leukotrienes, and inflammatory cytokines via the activation of several signaling pathways,
including MAPK, protein kinase C, and NF-«B pathway (33-36). In our study, treatment with
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hPrx2 and NHS resulted in a significantly higher amount of C5b-9 deposition on the J774A.1
cells compared to that on treatment with NHS in the absence of hPrx2. These findings imply
that extracellular Prx2 could induce further inflammatory responses mediated by the sub-
Iytic effect of C5b-9.

Recently, emerging evidence has suggested that inflammatory components exist in diverse
cancers, metabolic disorders, cardiovascular diseases, and neurodegenerative diseases
(37-40). Inflammasome is a frequently researched area among the various inflammatory
processes related to diverse diseases. Atherosclerosis, diabetes mellitus, Parkinson's disease,
and Alzheimer's disease are typical diseases in which inflammasomes play a critical role in
the initiation and progression of the disease (41). In this regard, our results suggest that Prx2
could be secreted and amplify tissue injury mediated by the classical complement pathway in
inflammasome-related diseases; therefore, blocking Prx2 may have therapeutic implications
in those diseases.

In summary, our results suggest that inflammasome activation is possibly a secretory
mechanism of Prxs, and GSDMD is a mediator for the secretion of Prxs. The secreted Prx1
and Prx2 can bind with C1q; however, only the secreted Prx2 can activate the classical
complement pathway in a C1q-dependent manner. These results imply that Prx2 could be a
therapeutic target in many inflammasome-related diseases.
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