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In brief

Maehara et al. show that AIM (or CD5L) is
increased in the infarcted brain and
associates with DAMPs. The association
decreases DAMPs, and therefore, AIM
improves post-stroke prognosis in mice
by reducing cerebral inflammation. AIM
may be a useful therapy for ischemic
stroke targeting DAMP-mediated sterile
inflammation.
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SUMMARY

The sterile inflammation caused by damage-associated molecular patterns (DAMPs) worsens the prognosis
following primary injury such as ischemic stroke. However, there are no effective treatments to regulate
DAMPs. Here, we report that AIM (or CD5L) protein reduces sterile inflammation by attenuating DAMPs
and that AIM administration ameliorates the deleterious effects of ischemic stroke. AIM binds to DAMPs
via charge-based interactions and disulfide bond formation. This AIM association promotes the phagocytic
removal of DAMPs and neutralizes DAMPs by impeding their binding to inflammatory receptors. In experi-
mental stroke, AIM-deficient mice exhibit severe neurological damage and higher mortality with greater levels
of DAMPs and associated inflammation in the brain than wild-type mice, in which brain AIM levels increase
following stroke onset. Recombinant AIM administration reduces sterile inflammation in the infarcted region,
leading to a profound reduction of animal mortality. Our findings provide a basis for the therapies targeting

DAMPs to improve ischemic stroke.

INTRODUCTION

The inefficient removal of dead cells and their debris results in the
release of intracellular inflammatory agents, so-called damage-
associated molecular patterns (DAMPs) (Kono and Rock, 2008;
Chen and Nufiez, 2010; Zindel and Kubes, 2020). Although
DAMPs are normal endogenous intracellular proteins, and there-
fore hidden from recognition by the immune system, once
released into the extracellular environment, they bind to pattern
recognition receptors, including Toll-like receptors (TLRs) and
receptor for advanced glycation end-products (RAGE), and acti-
vate innate immunity to induce the production of inflammatory
cytokines in the absence of microorganisms (Medzhitov, 2008;
Kumar et al., 2013; Gulke et al., 2018; Hudson and Lippman,
2018). This process is called sterile inflammation, which is often
caused by ischemia-reperfusion injury (IRI), trauma, or chemi-
cally induced injury (Kono and Rock, 2008; Chen and Nuiez,
2010; Zindel and Kubes, 2020).

Ischemic stroke, one of the most common causes of severe
disability and death globally (Lane and Bailey, 2005; Dayon
etal., 2011), and currently featured as an important complication
of coronavirus disease 2019 (COVID-19) (Trejo-Gabriel-Galan,
2020; Oxley et al., 2020; Tan et al., 2020), is typically associated
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with sterile inflammation (Lane and Bailey, 2005; Dayon et al.,
2011; Gulke et al., 2018). There is a widely accepted consensus
that the prognosis of ischemic stroke is highly influenced by the
state of sterile inflammation in the affected brain after the onset
of stroke. Because currently available therapies, such as throm-
bolysis and thrombectomy, do not always profoundly improve
the prognosis of stroke patients, increasing attention has recently
been paid to post-stroke sterile inflammation as a therapeutic
target (ladecola and Anrather, 2011; Chamorro et al., 2016; Gulke
etal., 2018; Land, 2020). Of the different types of DAMPs, recent
evidence shows that peroxiredoxin (PRDX; particularly PRDX1)
(Riddell et al., 2010; Robinson et al., 2010; Shichita et al., 2012;
Richard et al., 2016), high-mobility-group-box 1 (HMGB1) (Qiu
et al., 2008; Hayakawa et al., 2010), and S100 calcium-binding
proteins (S100) (Passey et al., 1999; Engel et al., 2000; Ziegler
et al., 2009; Saksi et al., 2011) are highly involved in post-stroke
sterile inflammation in the brain. More recently, it has been re-
ported that as a repair process, DAMPs are physiologically inter-
nalized by microglia/macrophages and infiltrating myeloid cells
through macrophage scavenger receptor 1, whose expression
is regulated by MAF bZIP transcription factor B (MafB) (Shichita
et al., 2017). However, no effective stroke treatments based on
DAMP removal have been established.
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Apoptosis inhibitor of macrophage (AIM; also called CD5
antigen-like [CD5L]) is a circulating protein produced by tissue
macrophages, which we initially identified as a supporter of
macrophage survival (Miyazaki et al., 1999). AIM is now
recognized as a facilitator of repair processes in many dis-
eases (Kurokawa et al.,, 2010; Maehara et al., 2014; Wang
et al., 2015; Arai et al., 2016; Tomita et al., 2017; Arai and
Miyazaki, 2018), in particular, IRI-induced acute kidney injury
(AKI) (Arai et al., 2016), whose central pathology is physical
obstruction of renal tubules by dead epithelial cells and the
associated sterile inflammation induced by dead cell-derived
DAMPs (Humphreys et al., 2008; Bonventre and Yang, 2011;
Kusaba et al., 2014). Of the various mechanisms of action of
AIM, the enhanced phagocytic removal of dead cells is high-
lighted during the repair of AKI. AIM consists of three
cysteine-rich domains (termed the SRCR domains) (Miyazaki
et al., 1999), and a unique positively charged amino acid clus-
ter is present at the carboxyl terminus within the third SRCR
domain (Miyazaki et al., 1999; Hiramoto et al., 2018). This
cluster develops charge-based interactions with dead cells,
whose surface is strongly negatively charged because of the
high levels of exposed phosphatidylserine (Arai et al., 2016;
Tomita et al., 2017). This association highly enhances the
engulfment of dead cells by phagocytes, as AIM is highly
internalized by phagocytes via multiple scavenger receptors
(Arai and Miyazaki, 2018). Indeed, intravenous injection of re-
combinant AIM (rAIM) protein markedly improves IRI-induced
AKI in mice by promoting the phagocytic removal of intratub-
ular dead cell debris (Arai et al., 2016). Pathologic similarities
between ischemic stroke and IRI-induced AKI, namely, initial
cell death and subsequent sterile inflammation caused by
DAMPs, as well as the involvement of phagocytes in the re-
covery process, led us to assess the possible impact of AIM
on the pathophysiology of ischemic stroke.

RESULTS AND DISCUSSION

The increase in brain AIM following onset of ischemic
stroke

Although AIM (cd5/) mRNA expression was not detected in the
brain of healthy mice, its significant increase was observed by
quantitative PCR (qPCR) after mice underwent transient middle
cerebral artery occlusion (MCAO) to induce stroke laterally (Fig-
ure 1A). AIM mRNA was specifically expressed by CD11b*
microglia/macrophages, as evidenced in further assessments
using CD11b* and CD11b™ cells isolated from infarcted brain
(Figure 1A). Consistently, up to 250 ng/mg tissue of AIM protein
was present in the affected brain on day 7 after MCAO when as-
sessed using enzyme-linked immunosorbent assay (ELISA) us-
ing brain tissue lysates, though no increase of AIM protein was
observed in the unaffected brain (Figure 1B). Mice deficient in
MafB specifically in macrophages (Lysm-Cre;MafB~'~) (Shawki
et al., 2018) have been shown to develop severe brain damage
after MCAO (Shichita et al., 2017). The increase in AIM mRNA
levels triggered by MCAO was partly abrogated in Lysm-
Cre;MafB~'~ mice, in line with the fact that MafB is one of the ma-
jor transcription factors regulating AIM expression (Hamada
et al., 2014) (Figure 1C).
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In line with the increase of AIM expression, the microtubule-
associated protein 2 (MAP2)-negative dead neural cell area
was strongly stained for AIM on day 7 after MCAO when as-
sessed using immunohistochemistry (IHC) (Figure 1D). This
situation is reminiscent of the accumulation of AIM on intra-
tubular dead epithelial cell debris observed during AKI, along
with the ability of AIM to bind well to dead cell debris (Arai
et al., 2016). Similar AIM accumulation in the infarcted area
was also observed in the brain of human stroke patients (Fig-
ure 1E). Under higher magnification, high levels of AIM were
observed in Ibal-positive macrophage-like cells (indicated
by arrows) in mouse and human brains (Figures 1D and 1E),
confirming the gPCR results that showed increased AIM
mRNA expression in CD11b* cells presented in Figure 1A.
Iba1-positive macrophages infiltrating the infarcted area
(negative for MAP2) were stained with oil red O, indicating
that they were actively engulfing dead cell debris (David and
Kroner, 2011; Kawabori et al., 2015) (Figure 2). In contrast,
in AlM-deficient (AIM~'") mice challenged with MCAO,
although the volume of the infarcted area and the number of
infiltrating macrophages were comparable with those in
wild-type mice (Figure S1), macrophages in the infarcted re-
gion were largely negative for oil red O, suggesting that as
in AKI, AIM contributes to the phagocytic removal of dead
cell debris in the infarcted region (Figure 2).

AIM reduced DAMPs at the infarcted area and reduced
the associated brain inflammation

In addition, IHC analysis of the brain post-MCAQ revealed signif-
icantly larger number of positive signals for extracellular PRDX1
(which were not co-localized with cell bodies and nuclei) in the
infarcted area in AIM~'~ mice compared with wild-type mice
(Figure 3A, brown dots in IHC). More impressively, daily intrave-
nous injection of rAIM (0.5 mg/mouse) immediately after MCAO
reduced PRDX1 in both wild-type and AIM~~ mice (Figure 3A),
though the number of infiltrating macrophages was not influ-
enced by rAIM injection (Figure S1). The blood-brain barrier
(BBB) is known to be temporally and partly disrupted during
the acute phase of ischemic stroke (Zou et al., 2015; Choi
et al., 2016). Indeed, brain tissue from AIM~'~ mice stained
widely for AIM after rAIM injection at day 3 post-MCAQO, indi-
cating that the injected rAIM passed through the BBB (Figure S2).
Such correlation in the decrease of PRDX1 and the presence of
brain AIM was more obvious on day 3 than day 7 (Figure 3A,
graphs). Levels of HMGB1 and S100A9, which are also major
pathogenic DAMPs related to stroke, were decreased in the
infarcted region at day 7 than at day 3 in wild-type mice, along
with the increase of brain AIM levels post-MCAO, though its
reduction in wild-type mice compared with AIM~'~ mice, or
following rAIM injection, was not as pronounced as for the
PRDX1 examined (Figure S3). It is noteworthy, however, that
many AIM~'~ mice had a rapid decline of health and died before
day 3 after MCAO, and that their infarcted regions in the brain
before their death (on day 2 to day 3) contained a markedly larger
number of strong signals for S100A9 than the healthier AIM~/~
mice (Figure 3B). Note that no wild-type mice died before day
3 (a comparison of mortality in wild-type and AIM~'~ mice is pre-
sented later).
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Figure 1. AIM expression in the infarcted brain

(A) gPCR analysis of AIM (Cd5/) mRNA levels in the brain using RNA isolated from whole tissue or dissociated cells by CD11b (macrophage/myeloid marker)
expression from wild-type mice on days 1, 3, and 7 after MCAQ. L, left lobe, non-infarcted; R, right lobe, infarcted. Relative values to that of whole tissue before
MCAO (Pre) are shown. Bars denote SD of the mean. Statistics: multi-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001
(between the values at different days in the left or right lobe); *p < 0.01 and **#p < 0.001 (between the values in the left and right lobes at the same day). n =4 or 5.
(B) The amount of AIM protein in the brain was analyzed using ELISA using lysates from the infarcted (right lobe [R]) and non-infarcted (left lobe [L]) brain. Values
are presented as pg AIM/mg brain. n = 4.

(C) gPCR analysis of AIM (Cd5/) mRNA levels in the brain using RNA isolated from whole tissue from wild-type mice and Lysm-Cre;MafB’/’ (MafB~'~) mice on day
7 after MCAO. Relative values to the average of those for sham samples are shown. L, left lobe, non-infarcted; R, right lobe, infarcted. Bars denote SD of the mean.
Statistics: multi-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001 (values in sham versus those on day 7 in each mouse
type); "*p < 0.001 (values in the left versus right in each group). n = 8-10.

(D) IHC analysis of AIM in brain specimens from day 7 post-MCAO wild-type mice. The infarcted area, which is negative for MAP2, was stained for AIM. A part of
striatum (red square) is shown at a higher magnification for AIM and MAP2 (third lane, squared by red line). The right panels depict the serial section stained for
Iba1l and AIM presented at high magnification. Iba1-positive macrophages are strongly positive for AIM. ctx, cortex; st, striatum; hi, hypothalamus; th, thalamus;
mb, mid brain; cb, cerebrum. Black bars, 1 mm; red bars, 100 um; blue bars, 5 um.

(E) A human brain specimen from an infarcted region was stained for AIM. A control staining with only secondary antibody is also presented (lower panel). Note
that whole area was MAP2 negative (data not presented). The strong staining for AIM indicates AIM production in macrophages (determined by their shape;
indicated by arrows), in accordance with the gqPCR data shown in (A). Bars, 50 um.
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Figure 2. Inefficient engulfment of dead cell debris by infiltrating macrophages at the infarct area in the absence of AIM
Serial frozen sections from wild-type and AIM ™~ brains on day 7 post-MCAO were stained for oil red O and Iba1. Many Iba1-positive macrophages at the
infarcted corpus striatum region are positive for oil red O (violet signals) in wild-type mice, whereas they are largely negative for oil red O in AIM '~ mice. Red bars,

1 mm; black bars, 100 pm.

In accordance with the reduction of DAMPs, the mRNA
levels of the inflammatory cytokines expressed in CD11b* mac-
rophages/myeloid cells infiltrating the infarcted brain on day 4
after MCAO were reduced by rAIM injection in AIM~'~ and/or
wild-type mice, suggesting that AIM decreased inflammation in
the infarcted region (Figure 3C). Without rAIM injection, however,
only a certain, and not significant, increase in cytokine mRNA
levels was observed in AIM~'~ mice compared with wild-type
mice (Figure 3C), in line with the low level of brain AIM in wild-
type mice before day 7 (Figure 1A).

AIM improved the prognosis of ischemic stroke

In parallel with the volume of DAMPs and inflammatory states in
the brain, the mortality on day 7 after MCAO was higher in
AIM~'~ mice compared with wild-type mice, and it was pro-
foundly reduced by daily injection of AIM~'~ mice with rAIM
(0.5 mg/mouse) (Figure 4A). No wild-type mice died after
MCAO when they were injected with an even smaller amount

4 Cell Reports 36, 109693, September 14, 2021

(0.1 mg/mouse) of rAIM (Figure 4A). The difference in mortality
between wild-type and AIM~'~ mice became obvious concur-
rently with the increase in brain AIM mRNA levels in wild-type
mice (Figure 1A). Similarly, neurologic deficits were exacer-
bated in AIM~'~ mice, which were again improved by rAIM in-
jection (Figure 4B). Note that the performance of MCAO was
consistently successful, as judged by the comparable reduc-
tion of blood flow in the middle cerebral artery during MCAO
(Figure S4). Thus, intravenous administration of rAIM during
the acute phase of stroke effectively improved the post-stroke
prognosis therapeutically. However, the rAIM injection did not
improve survival and neurologic scores in AIM~~ mice to the
levels in wild-type mice at day 7, despite the better suppression
of inflammation in rAIM-injected AIM~~ mice than in wild-type
mice at day 4 (Figure 3C). This discrepancy is explained by the
lower amount of AIM accumulated at the infarcted area in rAIM-
injected AIM~'~ mice than in wild-type mice at day 7 (Fig-
ure 4C). It is worth reemphasizing that the endogenous AIM
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Figure 3. AIM suppressed brain inflammation by reducing DAMPs

(A) The brain specimens from wild-type (AIM*/*) and AIM~'~ mice with or without rAIM injection (0.5 mg daily from day 1 after MCAO) on days 3 and 7 after MCAQ
were stained for PRDX1, HMGB1, or S100A9, as well as with hematoxylin to identify nuclei. Representative photos of PRDX1 (upper panels) and MAP2 (lower
panels) staining on day 7 post-MCAO are presented. Bars, 500 um. The number of positive signals for PRDX1 (brown signals) within the MAP2-negative region
that were not co-localized with the hematoxylin signals was counted and normalized by the area (mm?) of MAP2-negative region. n = 5-8. Statistics: multi-way
ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 (comparison between with and without AIM injection); *p < 0.05 (AIM*"* vs. AIM~""). The results for
HMGB1 and S100A9 are presented in Figure S3. st, striatum; hi, hypothalamus; th, thalamus.

(B) S100A9 staining on day 3 in two dying and a healthier AIM~/~ mice, as well as a wild-type mouse. The brains from dying AIM '~ mice showed a markedly larger
number of intense signals than the other healthier AIM~/~ mice or wild-type mice on day 3. st, striatum; hi, hypothalamus; th, thalamus. Note that the reduction of
blood flow in the middle cerebral artery by MCAO was comparable in mice, confirming that the severity of MCAO was not different among the tested mice. Bars,
500 pm.

(C) gPCR analysis of the mRNA levels of inflammatory cytokines using RNA from CD11* macrophages/myeloid cells isolated from the infarcted brain in wild-type
and AIM~/~ with or without rAIM injection (0.5 mg daily from day 1 after MCAO) on day 4 after MCAO. Relative values to those in CD11* cells isolated from healthy
brain are presented. n = 4-6 each. Average values + SEM are presented. Statistics: multi-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 and
**p < 0.01.

levels in the affected brain were markedly lower at day 3
compared with day 7 in post-infarcted wild-type mice (Fig-
ure 1A). Consistent with the lower level of intracerebral AlM,
the mRNA levels of inflammatory M1 macrophage genes,
II-18, 1I-6, and NOS2 (iNOS) in the affected brain were higher
in rAIM-injected AIM~'~ mice than wild-type mice at day 7
(Figure 4D).

All these results suggest the hypothesis that AIM facilitates the
removal of regional dead cell debris or DAMPs, or even both,
which results in a decrease in post-stroke sterile inflammation,
thereby improving the prognosis.

Association of AIM with DAMPs and their binding modes

To test this hypothesis from the mechanistic view of AIM action,
we first determined whether AIM binds directly to DAMPs, similar
to its binding to dead cell debris, using an ELISA-based system.
As shown in Figure 5A, AIM bound to PRDX1, S100A9, and
HMGBH1, as well as many other DAMPs in a dose-dependent
manner. Consistent with this result, at the infarcted area in
mice, the close interaction between AIM and PRDX1 as a repre-
sentative of DAMPs was observed when assessed using prox-
imity ligation assay (Figure S5A). We also tested the binding of
AIM and DAMPs biochemically. After an incubation of mouse

Cell Reports 36, 109693, September 14, 2021 5
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Figure 4. AIM improved the post-stroke prognosis

(A) Survival of wild-type, AIM~~, rAIM (0.5 mg)-injected AIM~~, and rAIM (0.1 mg)-injected wild-type mice after MCAO. n = 38 (wild-type), 21 (AIM "), 9 (wild-
type + rAIM injection), and 12 (AIM~/~+ rAIM injection). rAIM was injected intravenously daily from day 1. Statistical significance of survival during the 7 days after
MCAO was assessed using the generalized Wilcoxon test. p = 0.0000347 in wild-type mice versus AIM ™'~ mice; p = 0.0780 in AIM~'~ mice with rAIM versus
AIM~'~ mice without rAIM injection.

(B) Neurologic scores in the four groups of mice as in (A). n = 17 (wild-type), 11 (AIM~7), 9 (wild-type + rAIM injection), and 6 (AIM~'~ + rAIM injection). Mean
values + SEM are presented. Statistics: multi-way repeated-measures ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 and ***p < 0.001 (wild-type versus
AIM~'7), #p < 0.01 and ***p < 0.001 (wild-type versus wild-type + rAIM injection), and ***p < 0.001 (AIM~'~ versus AIM~'~ + rAIM injection).

(C) Immunohistochemistry for AIM in wild-type, AIM~~ + rAIM injection, and AIM~'~ (non-injected) mouse at d days 7 after MCAO. Representative photos are
presented. Similar results were obtained in three groups of different specimens. Bar, 500 um.

(D) gPCR analysis of the mRNA levels of inflammatory M1 macrophage genes in the infarcted brain in wild-type and AIM~/~ with or without rAIM injection (0.5 mg
daily from day 1 after MCAO) on day 7 after MCAO. Relative values to those in healthy brain are presented. n = 4 each. Average values + SEM are presented.

Statistics: one-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 and **p < 0.01.

rAIM with PRDX1, S100A, or HMGB1, the association of AIM and
each DAMP was evaluated using immunoblotting in non-
reducing condition using an anti-AIM antibody. As shown in Fig-
ure S5B, in addition to the signal corresponding to the 1:1
association in size, several signals of larger molecular weights
were observed, suggesting that multiple number of AIM and the
DAMP formed a complex. Although AIM possessed single free
cysteine residue, it is likely that DAMPs harbor multiple free cys-
teines derived from the collapsed internal disulfide bonds, which
may allow to form larger complexes containing multiple numbers
of AIM and the DAMP. The possible number of AIM and the DAMP
involved in the complex, estimated by the molecular weight, is
indicated. The relatively lower binding efficiency of HMGB1 to
mouse AIM is consistent with the ELISA data (Figure 5A).

Most DAMPs are negatively charged (Uchida, 2014; Knoops
et al., 2018), which may enable their binding to AIM via charge-
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based interactions, similar to the association of AIM with dead
cell debris (Arai et al., 2016; Tomita et al., 2017). To address
the involvement of charge-based interactions using the carboxyl
terminus of AIM in its binding with DAMPs, as with debris, we
examined the association of DAMPs with a mutant mouse AIM
that lacks the carboxyl domain (ASRCR3) (Yamazaki et al.,
2016; Hiramoto et al., 2018). As expected, ASRCR3 showed
essentially no binding to any DAMP (Figure 5B). In addition, the
association between AIM and DAMPs was significantly reduced
in the presence of high doses of NaCl, which interrupts the
charge-based interactions of two molecules (Figure 5C).
Intriguingly, the binding of AIM to most DAMPs was also dis-
rupted in the presence of a reducing agent, Tris(2-carbox-
yethyl)phosphine (TCEP) (Figure 5D), suggesting the additional
involvement of disulfide bonds. As the solitary cysteine residue
in the SRCR2 domain is the only available site for disulfide
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Figure 5. AIM bound to DAMPs through charge-based interactions and disulfide bond formation

(A) In vitro binding assay of AIM to various DAMPs. The binding abilities of different concentrations of human or mouse AIM to PRDX1, HMGB1, S100A9, and
bovine serum albumin (BSA) as a control (coated on the plate at 2 ug/mL) are presented. The assay was performed in triplicate, and average values + SD are
presented.

(B and C) The binding abilities of mouse ASRCR3 mutant (B) or (C) wild-type human AIM (4 pg/mL each) and mouse AIM (20 ng/mL each) in the presence of
150 mM (physiological) or 500 mM (excess) of NaCl to PRDX1, HMGB1, and S100A9. In the presence of excess NaCl, binding was largely diminished.

(D and E) The binding abilities of human AIM (4 pg/mL each) and mouse wild-type AIM (20 pg/mL) to the indicated DAMPs in the presence of 50 uM TCEP (D) or (E)
human and mouse 2CS mutant to PRDX1, HMGB1, and S100A9. Binding was again diminished.

(F) The binding ability of recombinant human and mouse AIM/IgM-Fc pentamer complexes to DAMPs performed as in (A). Binding was diminished.

(G) Binding of mouse AIM to DAMPs was impaired by mouse IgM-Fc pentamer in a dose-dependent manner.

In (B)-(G), the assay was performed in triplicate and the average values are presented. Statistics: Welch's t test (B-F), one-way ANOVA followed by Bonferroni’s
post hoc test, *p < 0.05, **p < 0.01, and ***p < 0.001 (versus control).

bond formation with a different molecule (Miyazaki et al., 1999;  the ability to bind to all DAMPs examined. Note that the antibody
Hiramoto et al., 2018), we prepared another AIM mutant in which  used to detect the DAMP-bound AIM in this experiment recog-
the cysteine was substituted to serine (2CS) and assessed its nized wild-type AIM, ASRCR3, and 2CS comparably (Fig-
binding to DAMPs. As shown in Figure 5E, the 2CS mutant lost  ure S5C). Altogether, it is likely that AIM associates with DAMPs
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Figure 6. Attenuation of DAMP-mediated pro-inflammatory responses by AIM
(A) Peritoneal macrophages isolated from AIM ™~ mice were challenged with PRDX1, HMGB1, and S100A9 on a chamber slide in the presence or absence of
rAlM. After incubation for 10 min, the cells were fixed and stained for each DAMP (green), AIM (magenta), and nuclei (blue) and analyzed under a florescence

(legend continued on next page)
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stably using two independent binding modes: charge-based in-
teractions and disulfide bond formation.

Either coincidentally or necessarily, these two binding sites are
also used for the association of AIM with IgM pentamer, as we
reported previously (Hiramoto et al., 2018). This fact suggests
that AIM may lose its ability to bind to DAMPs when it associates
with IgM pentamer. Supporting this hypothesis, AIM-IgM com-
plexes exhibited largely no binding to DAMPs (Figure 5F).
Furthermore, the presence of AIM-free IgM pentamer competi-
tively interfered with the binding of AIM to DAMPs in a dose-
dependent manner (Figure 5G). Therefore, IgM-bound AIM is
functionally inactive in terms of binding to DAMPs.

AIM enhanced the phagocytic removal of DAMPs and
also neutralized DAMPs

Having observed the direct binding of AIM to DAMPs, we chal-
lenged macrophages with PRDX1, HMGB1, and S100A9
in vitro in the presence or absence of rAIM and assessed the
influence of AIM association on the capture of DAMPs by mac-
rophages under a fluorescence microscope. As shown in Fig-
ure 6A, AIM was highly co-localized with all DAMPs, corrobo-
rating the binding data obtained with ELISA (Figure 5A; control
photos are presented in Figure S6A). Moreover, the volume of
PRDX1, HMGB1, or S100A9 present on the cell surface or within
the cells was significantly increased in the presence of rAIM,
suggesting that AIM enhances the capture of DAMPs by macro-
phages (Figure 6B). Interestingly, AIM association highly induced
the aggregation of PRDX1 (Figure 6C), which was reminiscent of
a similar observation for AIM-induced bacterial aggregation (Sar-
rias et al., 2005). Notably, neither ASRCR3 nor 2CS AIM mutant,
both of which had no binding to DAMPs (Figures 5B and 5E),
induced PRDX1 aggregation (Figure 6C). rAIM did not induce
such aggregation for HMGB1 or S100A9, though the reason is
unknown. However, this result is consistent with the observation
that the decrease in PRDX1 by AIM at the infarcted region in vivo
was more apparent than in HMGB1 or S100A9 (presented in Fig-
ure 3A), as larger molecules are more readily engulfed by phago-
cytes (Aderem and Underhill, 1999; Sarrias et al., 2005; Canton
et al., 2013). The HMGB1 or PRDX1 and the associated rAIM en-
gulfed by the AIM~/~ peritoneal macrophages were co-localized
within the LAMP2-positive lysosomes and thereafter disap-
peared (Figure S6B). Internalization of DAMPs together with
AIM by macrophages was also corroborated by flow cytometry
(Figure S6C).
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Importantly, AIM association interfered with the binding of
PRDX1 and HMGB1 to the inflammatory receptors TLR2 and
RAGE, when assessed using an ELISA-based assay (Figure 6D).
This result suggests that AIM competitively impeded the charge-
based interactions of some DAMPs to TLR and RAGE, in addition
to the enhancement of DAMP internalization. It is likely that
such AIM actions, namely, enhancement of phagocytic DAMP
removal and neutralization of DAMPs, overall result in diminish-
ment of the inflammatory activity of DAMPs. As a representative,
the ability of PRDX and S100 to activate NF-kB in macrophage
cells was significantly reduced by rAIM (Figure 6E; whole blots
are presented in Figure S7).

Conclusion and perspectives

Our present findings strongly support the possibility of devel-
oping AIM-based therapy against ischemic stroke. It is worth re-
emphasizing that AIM efficiently suppressed sterile inflammation
in the infarcted brain by directly targeting DAMPs. Unlike the
binding of DAMPs with TLRs and RAGE, which is mediated
mainly by charge-based interactions, the additional formation
of a disulfide bond increased the intensity and stability of the as-
sociation of AIM with DAMPs. This strong association must be
advantageous in competitively reducing DAMP binding to
TLRs and RAGE, thereby successfully decreasing the inflamma-
tory threat of DAMPs. As a consequence of attenuating the ac-
tion of DAMPs, the therapeutic effect of rAIM against ischemic
stroke was obvious. Impaired DAMP clearance and the resulting
acceleration of the deleterious effects of stroke in MafB~~ mice
reported by Yoshimura’s group (Shichita et al., 2017) might be
due partially to the inefficient production of AIM in the infarcted
brain (Figure 1C).

The amount of rAIM that reaches brain tissue could be
different in individuals according to the level of damage to the
BBB (Choi et al., 2016; Zou et al., 2015). Indeed, the amount of
AIM accumulating at the infarcted region was less in AIM ™/~
mice daily injected with rAIM than in wild-type mice (Figure 4C),
and thus overall survival and neurologic scores were better in
wild-type mice than rAIM-injected AIM™'~ mice at day 7 (Figures
4A and 4B). Future development of optimized or modified AIM
that can effectively transit from the blood to the brain regardless
of BBB damage will achieve more efficient and steadier thera-
peutic efficacy for ischemic stroke. In addition to the therapeutic
effect of AIM during the acute phase of stroke presented in the
present study, it is possible that the rapid and efficient reduction

confocal microscope. White areas indicate colocalization of DAMPs and AIM. Attachment of rAIM to some dead cells is also observed (yellow arrows). Non-
specific signals (background) derived by secondary antibody developed in HMGB1 staining (orange arrows). Bar, 10 um.

(B) The volume of each PRDX1, HMGB1, or S100A9 present at the cell surface and intracellulary was determined using software Halo and presented in the graph.
Values are averages of the results from three experiments (n = 4-13). Statistics: Welch’s t test. “p < 0.05 and **p < 0.01.

(C) Induction of PRDX1 aggregation by AIM (wild-type), ASRCR3 mutant, and 2CS mutant. Bar, 10 pm.

(D) Binding of PRDX1 and S100A9 to TLR2 and HMGB1 to RAGE in the presence of various concentrations of rAIM. The values in the absence of TLR2 or RAGE
are also presented as control. rAIM reduced the ability of PRDX1 and S100A9 to bind to TLR2 and HMGB1 to RAGE in a dose-dependent manner. The assay was
performed in triplicate and the average values are presented. Statistics: one-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 and *p < 0.01
(comparison between 0 pg/mL of rAIM and each concentration of rAIM).

(E) RAW264.1 mouse macrophage cells were incubated with mouse PRDX or S100A9 for 30 min at 37°C in the presence or absence of rAIM. Thereafter, the cells
were harvested, and the cell lysates were analyzed for phosphorylation (indicating NF-kB activation) by immunoblotting. The intensity of the signals was
quantified and presented in the graphs. Values represent intensity of the phosphorylated NF-«B p65 relative to that of total NF-kB p65. The presence of rAIM
decreased NF-«B phosphorylation. Statistics: two-way ANOVA followed by Bonferroni’s post hoc test. *p < 0.05 and ***p < 0.001. The whole blots are presented
in Figure S7.
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of sterile inflammation by AIM in the infarcted region might
advance regional post-injury neurogenesis, which raises our
expectation for a beneficial effect of AIM also during recovery
from stroke. Further studies focusing on later days post-stroke
might expand the therapeutic applicability of AIM to multiple
phases of ischemic stroke.

In the normal condition, AIM associates with pentameric IgM
in the blood, which protects AIM from renal excretion and main-
tains high levels of blood AIM (Arai et al., 2013, 2016; Tomita
et al., 2017). Although we know that AIM needs to dissociate
from IgM pentamer to become functionally active (Arai et al.,
2016; Sugisawa et al., 2016; Koyama et al., 2018), the precise
machinery by which its association with IgM pentamer inacti-
vates AIM remained unclear. This question was solved by our
present finding that AIM uses the same sites to bind to DAMPs
and IgM pentamer. Using electron microscopy, we recently
found that pentameric IgM forms a “one-piece missing hex-
amer” and that AIM fits stably in the gap through a disulfide
bond at one side of the gap and charge-based interactions at
the other side (Hiramoto et al., 2018). Importantly, the shape
and size of the gap need to be strictly appropriate for the forma-
tion of both binding bridges (Hiramoto et al., 2018). From this
aspect, it is plausible that DAMPs may also have or develop a
similar gap structure into which AIM fits. Additional analysis
from the structural viewpoint is required to understand the pre-
cise binding mode between AIM and DAMPs.

In conclusion, our data suggest the strong therapeutic appli-
cability of AIM to ischemic stroke and, in addition, clarify new
functional aspects of AIM.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-AIM (Rab2) Maehara et al., 2014 N/A

Rat monoclonal anti-mouse AIM (clones 35 Yamazaki et al., 2014 N/A

and 36)

Mouse monoclonal anti-human AIM (clones Yamazaki et al., 2014 N/A

6 and 7)

Mouse monoclonal anti-HMGB1 (clone
GT383)

Rabbit polyclonal anti-PRDX1

Goat polyclonal anti-S100A9

Goat polyclonal anti-Ibat

Mouse monoclonal anti-His tag (Biotin)
(clone OGHis)

Rabbit monoclonal anti-NF-kB p65 (clone
D14E12)

Rabbit monoclonal anti-Phospho-NF-xB
P65 (Ser536) (clone 93H1)

Rat monoclonal anti-LAMP2, FITC-
conjugated

Mouse monoclonal anti-MAP2 (clone HM-2)
Rat monoclonal anti-CD11b, MicroBeads-
conjugated (clone M1/70.15.11.5)

Rat monoclonal anti-CD11b, BV510-
conjugated (clone M1/70)

Rat monoclonal anti-F4/80, BV421-
conjugated (clone T45-2342)

Rat monoclonal anti-CD19, BV786-
conjugated (clone 1D3)

Rat monoclonal anti-CD16/32 (clone 93)
Donkey polyclonal anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor Plus 405

Chicken polyclonal anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Chicken polyclonal anti-Mouse IgG (H+L)
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647

Goat polyclonal anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 405

Donkey polyclonal anti-Rat IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488

Donkey polyclonal anti-Goat IgG (H+L)

Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647

Gene Tex

Abcam

R&D Systems
Abcam

MBL International

Cell Signaling Technology

Cell Signaling Technology

BD Biosciences

Sigma-Aldrich
Miltenyi Biotec

BD Biosciences

BD Biosciences

BD Horizon

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#GTX628834; RRID: AB_2888060

Cat#ab41906, RRID: AB_2284360
Cat#AF2065; RRID: AB_2184263
Cat#ab5076; RRID: AB_2224402
Cat# D291-6; RRID: AB_10897858

Cat#8242; RRID: AB_10859369

Cat#4025; RRID: AB_10827881

Cat#558758; RRID: AB_397107

Cat#M9942; RRID: AB_477256
Cat#130-049-601

Cat#562950; RRID: AB_2737913

Cat#565411; RRID: AB_2734779

Cat#563333; RRID: AB_2738141

Cat#14-0161-85; RRID: AB_467134
Cat#A48258; RRID: AB_2890547

Cat#A-21441; RRID: AB_2535859

Cat#A-21463; RRID: AB_2535869

Cat#A-31556; RRID: AB_221605

Cat#A-21208; RRID: AB_2535794

Cat#A-21447; RRID: AB_2535864

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chicken polyclonal anti-Rat IgG (H+L)
Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594

Thermo Fisher Scientific

Cat#A-21471; RRID: AB_2535874

Goat anti-Human IgG-Fc Fragment Bethyl Cat#A80-104P; RRID: AB_67064
Antibody HRP Conjugated

Biological samples

Human infarcted brain tissue BiolVT CaselD: 48372; Specimen ID: 1119454B

Chemicals, peptides, and recombinant proteins

Recombinant mouse PRDX1 (His Tag)
protein

Recombinant human PRDX1 (His Tag)
protein

Recombinant mouse PRDX proteins (HA-
Tag)

Recombinant mouse S100A9 protein
Recombinant mouse S100A8/9 protein
Recombinant human S100A9 protein
Recombinant mouse S100A8 protein
Recombinant human S100A8 protein
Recombinant human S1008/9 protein
Recombinant mouse HSP70 protein
Recombinant human HSP70 protein
Recombinant human HMGB1 protein
Recombinant human TLR2-Fc protein
Recombinant human RAGE-Fc protein

Recombinant mouse and human AIM
protein (wild-type and mutants)

Streptavidin, Alexa Fluor 488 conjugate
HRP streptavidin

FITC-I

4’,6-Diamidine-2'-phenylindole
dihydrochloride (DAPI)

Hoechst33342

TCEP Hydrochloride

Recombinant mouse AIM/IgM-Fc protein
Sudan Black B

Oil red-O solution

G-block

Sino Biological

Novus Biologicals

This paper

R&D Systems

R&D Systems

R&D Systems

R&D Systems

R&D Systems

R&D Systems

Enzo

Stress Marq Biosciences
R&D Systems

R&D Systems

R&D Systems
Maehara et al., 2014

Thermo Fisher Scientific
BD Biosciences
Dojindo

Roche

Thermo Fisher Scientific
Wako

Hiramoto et al., 2018
Sigma Aldrich

Muto Pure Chemicals
Geno Staff

Cat#50552-MO8E

Cat#NBC118543

N/A

Cat#2065-S9
Cat#8916-S8
Cat#9254-S9
Cat#9877-S8
Cat#9876-S8
Cat#8226-S8
Cat#ADI-ESP-502
Cat#SPR-117
Cat#1690-HMB
Cat#1530-TR
Cat#1145-RG
N/A

Cat#511223

Cat#554066; RRID: AB_2868972
Cat#F-007; CAS: 3326-32-7
Cat#10236276001; CAS: 28718-90-3

Cat#H3570; CAS: 875756-97-1
Cat#209-19861; CAS: 51805-45-9
N/A

Cat#199664

Cat#40491

Cat#GB-01

Critical commercial assays

HISTOFINE simple stain mouse MAX-PO
R, G, M)

HiLyte Fluor 647 Labeling Kit - NH,
Duolink PLA Fluorescence kit
Duolink probe maker MINUS kit
TRIzol Reagent

NucleoSpin RNA

ReliaPrep RNA Miniprep Systems
SuperScript IV VILO Master Mix

Nichirei Biosciences

Dojindo

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific
MACHEREY-NAGEL
Promega

Thermo Fisher Scientific

Cat#4144341F, 414351F, 414322F

Cat#LK15

Cat#DU092013, DU092002
Cat#DU092010
Cat#15596018
Cat#740955.250

Cat#26011

Cat#4311971
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

Hamster: CHO-S Thermo Fisher Scientific Cat#A1155701
Mouse: RAW264.7 ATCC TIB-71
Human: HEK293T ATCC CRL-3216
Experimental models: Organisms/strains

Mouse: Lysm-Cre;MafB~/~ Shawki et al., 2018 N/A

Mouse: C57BL6/J Clea Japan C57BL/6JJcl
Mouse: Cd5/~~ (AIM-deficient) This paper N/A
Oligonucleotides

Primers for QPCR This paper Table S1
Recombinant DNA

pCAGGS-PRDX1, 2, 3, 4, 5, or 6 -HA This paper N/A
pPCAGGS-mouse or human 2CS mutant Hiramoto et al., 2018 N/A
pPCAGGS-ASRCR3 Yamazaki et al., 2016 N/A
pcDNA3.1-mAIM or hAIM Maehara et al., 2014 N/A

Software and algorithms

HALO
Evolution Capt
FACSDiva
FlowJo

IndicaLabs
Vilber-Lourmat
BD Biosciences
BD Biosciences

https://indicalab.com/
https://www.vilber.com/
https://www.bdbiosciences.com/
https://www.flowjo.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Toru

Miyazaki (tm@m.u-tokyo.ac.jp).

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

@ All data supporting the findings of this study are available within the paper and are available from the lead contract upon

request.

® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the University
of Tokyo (Permit Number: P15-126 and P20-080). All mice were kept under a 12 h light:12 h dark cycle and provided with food and
water ad libitum. All experimental procedures were performed on 8-14 weeks old male mice. All mouse strains used for analysis were
C57BL/6 background. To generate AIM ™'~ mice on a pure C57BL/6 background, two types of the pX335 vectors (Addgene) carrying
5'-caccgaacaatggagccatggccc-3’ or 5'-caccggtgagtgtccctgettctg-3' were microinjected into the prenuclei in fertilized eggs of
C57BL/6 mice, and thereafter, the 2-cell embryos were transferred into the uterus of pseudo-pregnant female mice. Genomic
DNA isolated from the tail of progenies was tested for any deletion within the Cd5/ (AIM) gene locus by PCR and sequencing. An
AIM~~ mouse line carrying an appropriate deletion at the first ATG region was expanded and used form experiments. Mice were
maintained under an SPF condition at the University of Tokyo. Macrophage-specific MafB-deficient mice were obtained by
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crossbreeding of Lysm-Cre transgenic mice and MafB"ox/ox

a semi-SPF condition at Tsukuba University, Japan.

mice as previously described (Shawki et al., 2018) and maintained under

Primary cell cultures and cell lines

RAW264.7 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher Scientific) supplemented with 10%
of fetal bovine serum (FBS; Thermo fisher Scientific) and 1% penicillin-streptomycin (Thermo Fisher Scientific) at 37°C in a humidified
5% CO2 atmosphere and subjected to the experiments. Primary mouse peritoneal macrophages were prepared from AIM~'~ mice
as follows. After mice were sacrificed, 8 mL of ice-cold PBS with FBS (2.5% v/v) was injected into the peritoneal cavity using 27-g
needle. Injected fluid was gently mixed, and then the cell suspension fluid was collected from the peritoneal cavity using 18-g needle
attached to a 10 mL syringe. After a centrifugation at 1400 RPM for 5 min, the cells resuspended in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin were plated on a Lab-Tek Il chamber slide (NalgeNunk) or 48-well plate (Corning) and cultured
for 2 h to let macrophages attach to the slide at 37°C in a humidified 5% CO2 atmosphere. The culture conditions during the exper-
iments are described in the Method Detail section.

METHOD DETAILS

Induction of ischemic stroke (MCAO)

Male mice at 8-14 weeks of age and with 20~25 g body weight were used for MCAO. According to the procedure of Shichita et al.
(2017), asilicone-rubber coated nylon monofilament (Doccol) was inserted into the middle cerebral artery laterally for 45 min under an
anesthesia (isoflurane; Pfizer). The cerebral blood flow was monitored using the laser doppler flowmetry (OMEGA) during the MCAO
treatment, and mice exhibiting more than 70% reduction in the blood flow at the temporal lobe were used for following experiments
(Figure S4). We used only male mice, following the precedents in many reports (Liu et al., 2017; Knowland et al., 2014; Alim et al.,
2019).

Antibodies and reagents

Antibodies and reagents used for histological experiments are as follows: Primary antibodies are: AIM (rab2 rabbit polyclonal for IHC
of mouse and human brain specimens); #35 and 36 (for mouse AIM ELISA, DAMPs binding assay and recombinant mAIM purifica-
tion), #6 and 7 (for human AIM ELISA and DAMPs binding assay) established in our laboratory (Yamazaki et al., 2014), partly purchas-
able from Transgenic Inc.), HMGB1 (clone GT383, Gene-Tex), PRDX1 (rabbit polyclonal antibody, abcam), S100A9 (AF2065, R&D
Systems), Ibal (goat polyclonal antibody, abcam), biotinylated 6xHis tag (D291-6, MBL International), NF-xB p65 (D14E12, Cell
signaling technology), phospho-NF-kB p65 (93H1, Cell signaling technology), LAPM-2 (clone ABL-93, BD Biosciences) and
CD11b microbeads (clone: M1/70.15.11.5, Miltenyi Biotec). Secondary antibodies and related reagents are: Alexa fluor 405,
488,594 or 647 conjugated anti-rabbit, rat, goat or mouse IgG (Thermo Fisher Scientific), anti-human IgG-Fc-HRP (A80-104P, Bethyl
laboratories, Inc.), Streptavidin-Alexa fluor 488 (Thermo Fisher Scientific), Streptavidin-HRP (554066, BD Biosciences), DAPI (Roche)
or Hoechst33342 (Thermo Fisher Scientific), G-Block (Genostaff, Tokyo, Japan) and HISTOFINE simple stain mouse MAX-PO (R)
(NICHIREI Biosciences). Specimens were analyzed using a microscope: IXPlore and a research slide scanner: SLIDEVIEW VS200
(Olympus) or a confocal microscope: FV10i-DOC. Antibodies used for flowcytometry are as follows: BV510 rat anti-CD11b
(M1/70, BD Biosciences), BV421 rat anti-mouse F4/80 (T45-2342, BD Biosciences), BV786 rat anti-CD19 (1D3, BD Biosciences),
and purified rat anti-mouse CD16/CD32 (2.4G2, Fc Block, Thermo Fisher Sciences). Fluoresceinisothiocyanate isomer-I (FITC-I)
and HiLyte Fluor 647 Labeling Kit-NH2 (Dojindo) were used for protein labeling.

DAMPs and related proteins

Mouse PRDXs with a HA tag that were used in the binding assays were generated in house. They were produced in HEK293T cells by
transfecting pCAGGS subcloned with cDNA for mouse PRDX1, 2, 3, 4, 5 or 6 tagged with HA peptides and thereafter purified from cell
lysates using an anti-HA antibody column. Other DAMPs and related proteins were purchased as follows. Mouse PRDX1-His (50552-
MOB8E, Sino Biological), human, PRDX1-His (NBC118543, Novus Biologics), mouse S100A8 (9877-S8-050, R&D Systems), mouse
S100A9 (2065-S9-050, R&D Systems), mouse S100A8/A9 (8916-S8-050, R&D Systems), human S100A8 (9876-S8-050, R&D
Systems), human S100A9 (9254-S9-050, R&D Systems), human S100A8/A9 (8226-S8-050, R&D Systems), mouse HSP70-A1 (low
endotoxin; ADI-ESP-502-D, Enzo), human HSP70 (Endotoxin Free; SPR-117A, StressMarg), human HMGB1 (1690-HMB-050,
R&D Systems), mouse TLR2-Fc (1530-TR, R&D Systems), human RAGE-Fc (1145-RG, R&D Systems) .

CD11b" cell isolation from brain

Dissociation of brain tissue

Mice were perfused with PBS transcardially under deep anesthesia by using Isoflurane (Pfizer). Brain tissues were excised, and the
infarcted or non-infarcted side of the brains were cut into small pieces, then the pieces were treated with the enzyme solution con-
taining 2.5 U/mL Collagenase D, 8.5 U/mL Dispase, 25 mg/mL DNase | and Complete Mini (Roche) in 1xHBSS at 37°C for 1 h. The
digested tissue was passed through a18 G-needle several times and filtrated through a 70-um strainer (Miltenyi Biotec), thereafter
centrifuged at 400 g for 15 min at 4°C. The cell-pellets were resuspended in 35% Percoll in PBS and centrifuged at 800 g for 45 min at
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4°C. The pellets were resuspended in 0.5% FBS in PBS. Finally, CD11b* cells within the total cells were isolated using the CD11b
Microbeads (Miltenyi Biotec), according to the manufacturer’s protocol.

EILSA for AIM

All ELISA assays were performed in duplicated manner. Mouse AIM in the brain tissue lysate was measured by ELISA using two
different rat anti-mouse AIM monoclonal antibodies (rat IgG, clone #35 and 36; generated in our laboratory). The inter-assay coeffi-
cients of variation assessed by using a C57BL/6 mouse serum was 4.8% for mouse AIM, and the intra-assay coefficients of variation
was always less than 4.1%. The lower limit of quantification assessed by using recombinant AIM protein as a standard was
0.0625 ng/ml for mouse AIM.

Production and purification of rAIM and related proteins

CHO-Scells were transfected with pcDNA3.1-mAIM or hAIM plasmid and cultured in CD Forti CHO medium (Thermo Fisher Scien-
tific) for 3 days. rAIM was purified from culture supernatant using rat anti-mouse AIM monoclonal antibody #36 (for mouse AIM) or
mouse anti-human AIM monoclonal antibody #7 (for human AIM) conjugated HiTrap NHS-activated HP Columns (Cytiva). Bound pro-
tein was eluted with 0.1 M Glycine-HCI, pH 2.5 and neutralized with 1 M Tris-HCI, pH 8.5. Protein was concentrated as necessary
using Amicon Ultra filter concentrators (Millipore), and stored at —80°C in PBS. Endotoxin levels were measured by Limulus Color
KY Test Wako (Fujifilm Wako Chemicals) following the manufacturer’s protocols. Protein concentration was determined by the
BCA (bicinchoninic acid) assay according to the manufacturer’s protocol (Pierce). The 2CS mutant was created by substituting
the cysteine at 194 (in mouse AIM) and 191 (in humans AIM) to serine (TGC to TCC in nucleotides) (Hiramoto et al., 2018). The
ASRCR3 mutant was generated by deleting amino acids of the SRCR3 domain (starting from the aspartic acid at 242 to the valine
at 352) in mouse AIM (Yamazaki et al., 2016; Hiramoto et al., 2018). Each mutant cDNA was subcloned into the pCAGGS expression
vector. Production and purification of mutant AIM was performed as for the wild-type rAIM. Recombinant AIM/IgM-Fc and IgM-Fc
proteins were generated as described previously (Hiramoto et al., 2018).

Evaluation of binding efficiency of AIM to DAMPs

96-well ELISA plates were coated with DAMPs and control proteins resolved in Bicarbonate buffer (0.1 M NaHCO3/ Na,COs, pH 9.6)
at 2 pg/mL unless otherwise specified O/N at 4°C. After the plates were washed with tris buffered saline-tween (TBS-T) four times,
they were coated with blocking buffer (1% Casein/TBS) for 2 h at RT. After a wash with TBS-T, AIM resolved in a dilution buffer (0.2%
Casein/ TBS/2 mM CacCl,) at various concentrations was added to the well and plates were incubated for 1 h at RT. After 5-times
wash with TBS-T/2 mM CacCl,, biotinylated anti-mouse or human AIM antibody (clone #35 for mouse, clone 7 for human) was added
to the wells and incubated for 1 h at RT. After 4-times wash with TBS-T/2 mM CaCl,, the Streptavidin-HRP diluted in 0.2% Casein/
TBS/2 mM CaCl, was added to the wells and incubated for 1 h at RT. After 4-times wash with TBS-T/2 mM CaCl,, TMB was added
and incubated at RT for 10-25 min. The reaction was stopped by adding 1 N H,SO,4 and thereby the absorbance at OD 450 nm was
analyzed using a multiple plate reader.

To assess the binding mode by immunoblotting, mouse rAIM was incubated with either mouse S100A9, mouse PRDX1, or human
HMGB1 resolved in TBS/2 mM CaCl, at 4°C O/N. Proteins were loaded on SDS-PAGE in non-reducing condition and transferred to a
PVDF-membrane. The membrane was then treated with a blocking buffer (5% skim milk inTBS-T) for 1 h at RT, thereafter, with the
anti-mouse AIM polyclonal antibody (rab2) at 4°C O/N. After 3-times washes with TBS/2 mM CaCl,, the goat anti-rabbit IgG conju-
gated with HRP that was diluted in the blocking buffer was loaded on the membrane for 1 h at RT. After 3-times washes, the
membrane was treated with the Immobilon Forte Western HRP Substrate (EMD Millipore Corporation), and thereafter, the enhanced
luminescence signals were examined using FUSION FX (Vilber-Lourmat). The molecular weight of each signal was calculated by the
Evolution Capt software (Vilber Lourmat).

Proximity ligation assay (PLA)

PLA was performed using Duolink PLA Fluorescence kits according to the protocol of the manufacturer (Sigma Aldrich). The anti-
PRDX1 antibody was conjugated with the MINUS probe using the Duolink probe maker MINUS kits (Sigma Aldrich). Briefly, the brain
tissue was fixed in 4% paraformaldehyde (PFA) for 24 h and embedded in paraffin. For PLA of AIM/PRDX1, brain sections were
treated with Proteinase K to retrieve antigen, thereafter, incubated with the rabbit anti-AIM polyclonal antibody (rab2) overnight at
4°C. Next day, sections were incubated with anti-rabbit PLUS probe for 1h at 37°C, washed, and then treated with the anti-
PRDX1 antibody conjugated with the MINUS probe. After incubation for 1h at 37°C, sections were treated with the ligation reagent
for 30 min and then with the amplification reagent for 100 min at 37°C. Samples were mounted with the Duolink /n Situ Mounting
Media with DAPI.

In vitro evaluation of DAMPs captures by macrophage

Peritoneal macrophages isolated from AIM~'~mice were plated on a Lab-Tek Il chamber slide (NalgeNunk) and cultured for 2 h to let
them attach to the slide. The cells were incubated with 10 ug/mL of DAMPs (mouse PRDX1-His, human PRDX1-His, human HMGB1,
or mouse S100A9) with or without wild-type mouse or human rAIM (100 pg/mL) in DMEM supplemented with 5% FBS at 37°C for
10 min. For mouse PRDX1, the mutants of 2CS, ASRCR3 were also used. After an incubation, the cells were washed with PBS
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for 3 times and fixed with 4% PFA/PBS for 15 min. Each ligand and AIM were immunostained with antibodies to His (for mouse and
human PRDX1), HMGB1 or S100A9, and AlM, followed by fluorescent-conjugated secondary antibodies. Nuclei were stained with
4’ ,6-diamidino-2-phenylindole (DAPI). The cells were analyzed under a florescence confocal microscope.

Flowcytometry

Peritoneal cells isolated from AIM~'~ mice were cultured on a 48-well plate in the presence of HyLyte Fluor 647-labled mouse or hu-
man AIM (10 ng/mL) and FITC-labeled mouse PRDX1, mouse S100A9 or human HMGB1 (2.5 ng/mL) in DMEM supplemented with
5% FBS for 15 min at 37°C. Thereafter, cells were harvested in 4 mL round bottomed tubes. After Fc receptors were blocked with
anti-mouse CD16/32, the cells were stained for F4/80, CD11b and CD19 for the surface expression. Fluorescent intensity for FITC
(DAMPs) and HyLyte Fluor 647 (AIM) within the cells positive for CD11b and F4/80 and negative for CD19 were analyzed by flowcy-
tometory (BD FACSCelesta, BD Biosciences). BD FACSDiva and FlowdJo (BD Biosciences) were used for analysis.

NF«B activation assay

RAW264.7 cells were incubated with mouse S100A9 or RPDX (5 ng/mL) resolved in DMEM+0.1% FBS in the presence or absence of
mouse rAIM (10 pg/mL) in 96-well cell culture plates for 30 min at 37°C. After a wash with PBS, cells were lysed using by loading buffer
containing SDS, boiled and loaded on an SDS-PAGE gel. Thereafter, the phosphorylation of NFkB was analyzed by immunoblotting
using and anti-phospho- NFkB p65 antibody (3033S, Cell Signaling Technology). Total NFkB was also analyzed using an anti- NFkB
p65 antibody (8242S, Cell Signaling Technology).

Histology

AIM detection and other IHC at infarcted brain

Brain tissue was excised and fixed in 4% PFA in PBS for 24 h, thereafter embedded in paraffin. 6 um sections were immunostained
with the rabbit anti-AIM polyclonal antibody (rab2; available for human and mouse AIM), followed by incubation with HITOFINE simple
stain mouse MAX-PO (R) (NICHIREI Biosciences) for 30 min. After stained with diaminobenzidine tetrahydrochloride (DAB), sections
were counter-stained with hematoxylin. To block autofluorescence, slides were incubated with 0.5% Sudan Black B (199664, Sigma
Aldrich) diluted with 70% ethanol for 25 min before immunostained. DAMPs staining: Sections were immunostained with a rabbit
anti-PRDX1 polyclonal antibody (ab41906), mouse anti-HMGB1 monoclonal antibody (GTX628834), or goat anti-S100A9 polyclonal
antibody (AF2065), followed by incubation with HISTOFINE simple stain mouse MAX-PO (R, M, or G) for 30 min. MAP2 and Ibat
detection: Sections were immunostained with a mouse anti-MAP2 monoclonal antibody (M9942) or goat anti-Iba1 polyclonal anti-
body (ab5076), followed by incubation with HISTOFINE simple stain mouse MAX-PO (M or G) for 30 min. Before the reaction with
primary antibodies, sections were treated in each condition for antigen retrieval. S100A9, HMGB1, and MAP2: Boiled Tris/ EDTA
buffer (pH 9.0) containing 0.05% Tween-20 for 20 min. PRDX1: 20 ug Protenase Kin PBS at 37°C for 20 min. Iba1: Boiled citrate buffer
(10 mM, pH 6.0) containing 0.05% Tween-20 for 20 min. After stained with DAB, sections were counter-stained with hematoxylin. Oil
red-O staining: Brain tissues were fixed in 4% paraformaldehyde (PFA) in PBS for 24 h and 30% sucrose solution for 24~48 h and
were frozen with OCT compound. 10 um sections were stained with Oil red-O solution (Muto Pure Chemicals). The histologic data for
human brain AIM were purchased from Genostaff Co. Ltd, who had obtained a commercially available paraffin block of a brain tissue
from human stroke patient from BiolVT and stained the serial sections for human AIM and MAP2.

Quantification of DAMPs in brain

DAMPs-DAB staining images were obtained and digitally captured using slide scanner VS200 (OLYMPUS) with a 20x objective lens.
Digital image analysis was performed with commercial software HALO (IndicalLabs). DAB and hematoxylin signals were detected
using object colocalization-based algorithms, and the amount of extracellular DAMPs were estimated by subtracting the hematox-
ylin-colocalizing DAB signals from the total DAMPs signals.

Evaluation of neurologic deficits (neurologic score)

Behavioral assessments were performed every 24 h after MCAO. The neurologic deficits were scored as previously described (Jiang
et al., 2005). The criteria is summarized as follows: 0 point: normal; 1 point: mild turning behavior with/without inconsistent curling
when picked up by tail, < 50% attempts to curl to the contralateral side; 2 points: mild consistent curling, > 50% attempts to curl
to contralateral side; 3 points: strong and immediate consistent curling, mouse holds curled position for more than 1-2 s, the
nose of the mouse almost reaches tail; 4 points: severe curling progressing into barrelling, loss of walking or righting reflex; 5 points:
comatose or moribund.

Quantitative PCR assay

Total RNA from brain tissue was extracted using TRIzol Reagent (Thermo Fisher Scientific) and purified with NucleoSpin RNA
(MACHEREY-NAGEL). Total RNA from CD11b* cells was extracted using ReliaPrep RNA Miniprep Systems (Promega). Using the
RNA, cDNA was prepared using SuperScript IV VILO Master Mix (Thermo Fisher Scientific). The quantitative evaluation of mRNA
was performed by the AACt method using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) with a QuantStudio 3
Real-Time PCR system (Thermo Fisher Scientific). Sequences of the oligonucleotides used are listed in Table S1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using BellCurve for Excel (Social Survey Research Information) and presented as mean values =+ s. d. unless
otherwise specified. All data were analyzed by two-sided test. Paired results were assessed using Welch’s t test. Comparisons be-
tween multiple groups were analyzed using one-way or multi-way ANOVA followed by the Bonferroni’s post hoc test. For the Kaplan-
Meier curves, P values were determined with the Generalized Wilcoxon test. Unless otherwise specified, the significance code is as
added in each Figure legend. Number of samples (n) is found in each Figure legend.
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