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Abstract

Pentraxin 3 (PTX3), a member of the long pentraxin subfamily within the family of pentraxins,
is a soluble pattern-recognition molecule that functions in the innate immune system. Innate
immunity affords the infected host protection against sepsis, a potentially life-threatening
inflammatory response to infection. Extracellular histones are considered to be the main cause of
septic death because of their cytotoxic effect on endothelial cells, which makes them a potential
therapeutic target. We found that PTX3 interacted with histones to form coaggregates, which
depended on polyvalent interactions and disorder in the secondary structure of PTX3. PTX3
exerted a protective effect, both in vitro and in vivo, against histone-mediated cytotoxicity
towards endothelial cells. Additionally, the intraperitoneal administration of PTX3 reduced

mortality in mouse models of sepsis. The N-terminal domain of PTX3, which was required for

coaggregation with histones, was sufficient to protect against cytotoxicity. Our results suggest



that the host-protective effects of PTX3 in sepsis are a result of its coaggregation with histones
rather than its ability to mediate pattern recognition. This long pentraxin—specific effect provides
a potential basis for the treatment of sepsis directed at protecting cells from the toxic effects of

extracellular histones.

Introduction

Pentraxin 3 (PTX3) is one of a number of soluble pattern-recognition molecules (PRMs), which
are key molecules in the innate immune system, and it belongs to the long pentraxin subfamily
within the family of pentraxins (1, 2). PTX3 plays several roles in the first-line activity of the
host-protective response, such as the recognition of specific pathogens and the subsequent
opsonization that occurs, as well as regulation of complement and inflammation (3-5). PTX3
also plays a role in angiogenesis and female fertility (1, 6, 7). This multi-functionality of PTX3 is
because of its ability to bind to many different ligands (5, 8). PTX3 has two domains: a unique
N-terminal domain and a conserved C-terminal pentraxin domain, and most of its ligands bind to
PTX3 in a domain-specific manner (2, 9, 10). PTX3 forms a multimeric structure through inter-

molecular disulfide bonds, and it has an N-glycosylation site (5, 8).

The innate immune system plays crucial roles in the pathophysiology of sepsis, which is a major
cause of death in developed countries (11). At the onset of sepsis, infectious events initiate the
innate immune response through PRMs by sensing pathogen-associated molecular patterns
(PAMPSs) (12, 13). Subsequently, certain innate immune cells, such as macrophages, secrete pro-
inflammatory mediators in response to PRMs (13, 14). An excessive immune reaction and

exposure to pro-inflammatory cytokines results in a systemic inflammatory reaction (13). In



response to the innate immune reaction, neutrophils are attracted to, and activated at, the site of
infection or damaged tissue. An over-accumulation of neutrophils leads to the multi-organ failure
that is the direct cause of septic death, by exerting an excessive inflammatory response and
concomitant cytotoxicity (14). In sepsis, the circulating concentration of PTX3 increases
substantially (15-17). In addition to PAMPs, host-derived molecules, called damage-associated
molecular patterns (DAMPs, also known as alarmins), also stimulate the PRM-mediated
inflammatory and innate immune responses (18, 19). In the case of sterile inflammation, such as
that induced by trauma, burn, ischemia, or hemorrhage, which exhibits almost the same
pathophysiology as that of sepsis, DAMPs are the major activators of PRMs (12). DAMPs
participate not only in sterile inflammation, but also in sepsis pathophysiology (12, 13, 20).

Thus, DAMPs are regarded as an additional target for the treatment of sepsis.

Extracellular histones are DAMPs (21, 22), and they are a major cause of septic death (23). They
are present in the plasma of septic patients, and they exert cytotoxic activity towards endothelial
cells. Mice injected with histones display damage to the endothelium, and ultimately develop
intra-alveolar hemorrhage. PTX3 binds to certain histones (24, 25), and we previously observed
that extracellular histones are bound to PTX3 in plasma from septic patients (26). Although it is
clear that the recognition of certain PAMPs and the activation of the subsequent innate immune
response is one of the host-protective activities of PTX3 during sepsis, from the evidence
discussed earlier, we hypothesized the possibility of an additional role for PTX3 in sepsis in the
form of host protection against extracellular histones. Here, we investigated the detailed

mechanism by which PTX3 interacted with histones and how it exerted its cytoprotective effect



against histone damage. These results suggest that PTX3 plays a major host-protective role in the

response to sepsis, and thus it has potential value for sepsis treatment.

Results

Interaction pattern between histone and PTX3

The binding between immobilized histone H1 and PTX3 (24), as well as inhibition of the binding
of immobilized PTX3 to fibroblast growth factor-2 (FGF2) by histones (25) were previously
reported; however, a comprehensive analysis of the ability of PTX3 to interact with each histone
has not been reported. Thus, we sought to characterize the interactions between linker and core
histones and PTX3. First, we used an enzyme-linked immunosorbent assay (ELISA) to assess the
interactions between immobilized histones and PTX3. We observed increased signals when full-
length PTX3 was incubated with histones H1, H3, and H4, whereas we observed relatively
decreased signals in the cases of histones H2A and H2B (Fig. 1A). All signals were increased in
the presence of calcium ions (Fig. 1A). We further checked the interaction preference of the
PTX3 domains with histones in experiments with PTX3 domain fragment proteins. The extent of
interaction of the N-terminal domain of PTX3 with all the histones was greater than that of the
C-terminal domain of PTX3 (Fig. 1B and fig. S1A). The oligomerization-defective PTX3 N-
terminal domain, in which all of the cysteine residues were changed to serine residues, abolishes
the ability of PTX3 to bind to ligands (26, 27). Compared to the signals generated by the
interaction of wild-type PTX3 with all of the histones, the signals generated by the
oligomerization-defective PTX3 N-terminal domain mutant were decreased (fig. S1B). These
results indicate that all of the histones directly bound to PTX3, preferably through its N-terminal

oligomerization domain.



We next measured apparent interaction affinities by surface plasmon resonance (SPR). We found
that PTX3 had a higher affinity for histones H1, H3, and H4 than it had for histones H2A and
H2B (Fig. 1C and fig. S2). There was also an increase in its affinity in the presence of calcium
ions (fig. S2). Both full-length PTX3 and the PTX3 N-terminal domain showed high affinity for
histones (fig. S2, A and C). In comparison, the oligomerization-deficient PTX3 N-terminal
domain showed lower affinity for histones (fig. S2, B and C). Note that the affinity of the PTX3
N-terminal domain for all histones was similar to that of the full-length protein (fig. S2C). We
then investigated the region(s) in the histones that were responsible for the interaction with PTX3
in experiments with synthesized peptides (20 residues in length) that covered all of the regions of
histones H3 and H4 (fig. S3A and table S1). We focused on histone H3 and H4, because these
histones are more cytotoxic towards endothelial cells than are the other histones (23). We
analyzed the interactions between the immobilized histone fragment peptides and PTX3 by
ELISA. Several peptides exhibited binding to full-length PTX3, and most of these preferentially
bound to the N-terminal domain of PTX3 (fig. S3B). These results suggest there are multiple

PTX3-interacting regions in histones H3 and H4.

Coaggregation of PTX3 with histones

To analyze the histone-PTX3 complex from a physicochemical view, we undertook the
preparation of an in-solution complex by the addition of PTX3 to a solution of histone H4. By
measuring the UV-visible spectrum of the histone H4 and PTX3 mixture, we observed a dose-
dependent increase in the absorbance spectrum (fig. S4). This result suggested that the spectrum

pattern originated from the light-scattering of microparticles. In addition to the electron



microscopic observation of amorphous aggregates in the histone H4-PTX3 mixture (Fig. 2A), it
appeared that the in-solution histone-PTX3 interaction induced coaggregates. Note that the
addition of histones to serum or plasma causes a precipitate to form (28), and fibrinogen forms
an aggregate with histones (29). Thus, we analyzed the formation of the histone-PTX3
coaggregate. Using the absorbance at 310 nm as a measurement of the turbidity of solutions, we
analyzed the extent of coaggregation among histones and PTX3 domains. All of the histones
formed coaggregates with PTX3, and higher turbidity was observed in coaggregates containing
the PTX3 N-terminal domain than in aggregates containing the PTX3 C-terminal domain (Fig. 2,

B and C).

Induction of histone-PT X3 aggregate formation by polyvalent interactions and unfolding

To investigate the mechanisms by which histone-PTX3 aggregates formed, we set out to
determine the stoichiometry of this aggregate. VVarious molar ratio mixtures of histone H4 and
PTX3 were prepared, and, after removal of any aggregates by centrifugation, the concentrations
of both proteins in the supernatant were measured (Fig. 3A). The concentration of PTX3 in the
supernatant was decreased in the presence of increasing concentrations of histone H4, and was
undetectable at a PTX3 monomer:histone H4 molar ratio of between 1:1 and 1:2 (Fig. 3B). These
data suggest that full-length PTX3 formed aggregates with histone H4 at ratios between 1:1 and
1:2, whereas the ratios were 1:2 for the N-terminal domain and 1:1 for the C-terminal domain of
PTX3. Furthermore, PTX3 was recovered from the supernatant in the case where there was an
excess molar ratio of histone H4 (Fig. 3B). This suggests that, similar to the case of polyclonal
antibody—antigen complex formation, histone-PTX3 aggregation is the result of a polyvalent

interaction. We further investigated aggregate formation in experiments with an oligomerization-



defective PTX3 N-terminal domain. Although it was less potent than wild-type PTX3, the
oligomerization-defective PTX3 N-terminal domain formed aggregates with histones (fig. S5A),
and the stoichiometry of its aggregation with histone H4 was similar to that of wild-type PTX3

(fig. S5B).

To investigate other mechanisms of aggregate formation, we examined whether histone-PTX3
aggregates could be assessed by staining with thioflavin T (ThT) and 8-Anilino-1-
naphthalenesulfonic acid ammonium salt (ANS), which are fluorescent dyes commonly used for
the detection of aggregate formation by -strand stacking or exposure of hydrophobic amino acid
residues (30-32), but we did not observe any signals from histone-PTX3 aggregates (fig. S5, C
and D). Thus, we next analyzed the mixture of the PTX3 N-terminal domain and histone H4 by
circular dichroic (CD) spectroscopy to detect any change in the secondary structure in the
histone-PTX3 complex. From the spectrum pattern of the original state of the PTX3 N-terminal
domain, the presence of an a-helix was suggested (Fig. 3C, upper panel), as is predicted from the
amino acid sequence (6). In the histone-PTX3 mixture, the spectra were changed from the
original state (Fig. 3C, the lower panel). Because these spectra did not exhibit any typical
secondary structures, the result suggests that PTX3 lost its secondary structure when complexes
were formed. Together, these data suggest that histone-PTX3 aggregate formation results from
both the formation of a large molecular mass complex by a polyvalent interaction and a

disordered aggregation caused by unfolding of the a-helix of PTXS3.

Protective effect of PTX3 against histone-mediated cytotoxicity towards endothelial cells



The specific histone-PTX3 interaction we observed prompted us to further examine its role in
modulating histone-mediated cytotoxicity towards endothelial cells (23). We found that histone-
dependent cytotoxicity towards endothelial cells was attenuated by PTX3 in a dose-dependent
manner (Fig. 4A). The PTX3-mediated cytoprotective effect was exhibited in the case of all of
the histones (fig. S6A). PTX3 also blocked histone-dependent calcium fluxes in endothelial cells
(Fig. 4B and fig. S6B). Furthermore, PTX3 substantially suppressed further calcium fluxes when

it was added to culture medium after the histones had been added (Fig. 4B, right panel).

The association of histones with plasma membranes is crucial for their toxicity towards
endothelial cells (33). Thus, we next checked whether PTX3 blocked the association of
fluorescently labeled histones with endothelial cells. From confocal microscopic imaging, we
found that, in addition to associating with the plasma membrane, histones were also internalized
by the cells (fig. S6, C and D). We observed that histone aggregates formed in response to the
addition of PTX3, and these precipitates increased in number in a time-dependent manner (Fig.
4C). We used flow cytometric analysis to evaluate the effect of PTX3 in blocking histone
accumulation in endothelial cells. We found that histone accumulation was decreased by PTX3
in a dose-dependent manner (Fig. 4D). These results suggest that the histone-PTX3 aggregates
suppress the cytotoxic effects of histones by preventing the association of histones with
endothelial cells. Finally, we observed that the N-terminal domain of PTX3 exhibited a

cytoprotective effect that was similar to that of full-length PTX3 (Fig. 4E).

In vivo cytoprotective effects of PTX3 against extracellular histones



We further examined the protective effects of PTX3 against histone-mediated cytotoxicity in a
mouse model of histone infusion. The N-terminal domain of PTX3 was administered to the mice
because it was sufficient for aggregate formation (fig. S5A) and it had a cytoprotective effect
against histones (fig. S7A). Administration of PTX3 substantially reduced mortality in mice
infused with a high dose of histone (60 mg/kg) (Fig. 5A), which typically induces mouse

lethality within 1 hour (23, 33, 34).

To investigate the host-protective effects elicited by PTX3, we performed histological
examinations of mice infused with a sub-lethal dose of histones (50 mg/kg). Histone-infused
mice exhibited hemorrhage in the connective tissues of the bronchiovascular bundle in the lung
(Fig. 5B) and in the hilum of the lung (Fig. 5C). The extent of these hemorrhages was reduced by
PTX3 (Fig. 5, B and C). Histone infusion inflicted damage on the smooth muscle fibers in the
pulmonary veins (Fig. 5D), which suggested the source of the massive bleeding. Such damage
was not observed in the pulmonary artery (fig. S7B). Infused histones also induced breakage of
the argyrophilic fibers in the alveoli and alveolar hemorrhage (Fig. 5E). This damage was also
suppressed by PTX3 (Fig. 5, D and E). Electron microscopic analysis revealed endothelial cell
damage, such as cytoplasmic vacuolation, and the detachment of endothelial cells from the basal
laminae in the peripheral pulmonary artery; effects that were suppressed by PTX3 (Fig. 5F).
Histone infusion not only causes cytotoxicity-induced hemorrhage in vivo, it also induces
thrombocytopenia (34, 35); however, we found that PTX3 did not ameliorate histone-mediated
thrombocytopenia (fig. S7C). Together, the results from our in vivo experiments suggest that the
reduced mortality was mainly a result of the protective effect of PTX3 against histone-mediated

cytotoxicity towards endothelial cells, and that this suppressed hemorrhaging.



Host-protective effects of PTX3 in mouse models of sepsis

The protective effect of the N-terminal domain of PTX3 against histone-mediated cytotoxicity in
vivo implied that it had therapeutic potential in sepsis. Thus, we investigated its effects further in
mouse models of sepsis. We found that PTX3 substantially reduced mortality in mice injected
with lipopolysaccharide (LPS) (Fig. 6A). Histone H3 was detectable in the circulation 24 hours
after the mice were injected with LPS, as determined by Western blotting analysis, and this
increase in histone H3 concentration was suppressed by PTX3 (Fig. 6B and fig. S8). The plasma
concentrations of interleukin-6 (IL-6) and vascular endothelial growth factor (VEGF) were
increased in mice injected with LPS, an effect that was suppressed by PTX3 (Fig. 6C).
Histological examination of the LPS-injected mice showed the recruitment of macrophages to
the lung and the liver (Fig. 6D), as well as neutrophil infiltration into microvessels at alveolar
walls (Fig. 6E). These effects were all substantially suppressed by PTX3 (Fig. 6F). We also
observed that PTX3 resulted in a substantial reduction in mortality in mice subjected to cecal
ligation and puncture (CLP), which is a widely used murine sepsis model (36), even when it was

administered after the CLP operation (Fig. 6G).

Discussion

Here, we report that PTX3 protects endothelial cells from extracellular histone—-mediated
cytotoxicity in vitro and in vivo. The administration of the N-terminal domain of PTX3 reduced
mortality in mouse models of histone infusion and sepsis, which suggests that this domain is
sufficient for the host-protective effect of PTX3 against septic lethality. PTX3 caused

coaggregation with histones (Fig. 2). The molecular mechanisms underlying the coaggregation



involved the formation of a super-molecule by polyvalent interactions, as well as the unfolding
of the a-helix of PTX3 (Fig. 3) (37). That the N-terminal domain of PTX3, which is independent
of the C-terminal pentraxin domain, participated in coaggregation with histones (Fig. 2, B and C)
implies a correlation between the extent of coaggregation and the effect on histone-mediated
cytotoxicity (Fig. 4). A previous study of PTX3-transgenic mice demonstrated that an artificially
increased amount of PTX3 afforded protection against septic lethality (38). Our results suggest
the possibility that, in addition to pathogen recognition in the innate immune system (3-5), PTX3
exerts a host-protective effect in sepsis by forming a tight interaction with histones such that the
histone-PTX3 complexes become disordered aggregates that are prevented from interacting with

the endothelial cell surface.

Compared to C-reactive protein, PTX3 is a local PRM, and its concentration in the circulation is
less (39). Thus, we believe that the main physiological role of PTX3 is not protection against
histone-dependent cytotoxicity, but rather, the elimination of invading microbes through
opsonization, regulation of the complement cascade, and neutralization by neutrophil
extracellular traps (2, 40). In turn, in the case of severe sepsis, the abundance of PTX3 is
increased, and it might exert an effect as a systemic PRM. Under these conditions, PTX3 gains
an additional function, namely affording protection against histone-dependent cytotoxicity.
When the amount of extracellular histone protein is greater than the amount of physiological
PTX3, multi-organ failure occurs (20); thus, administration of exogenous PTX3 might be a

feasible treatment approach under such conditions.



The high-affinity interaction between PTX3 and various histone proteins, which was determined
by ELISA and SPR analysis, appears to be a result of both multivalent interactions (fig. S2 and
S3) and aggregation (Fig. 2). The unexpected observation of histone-PTX3 aggregation was
mainly observed with the PTX3 N-terminal domain; however, although it had weak interactions,
the C-terminal domain did form aggregates. This result raises the possibility that the short
pentraxins, C-reactive protein and serum amyloid P components, which form oligomeric
structures (1) and bind to histones (41, 42), may also form aggregates with histones. Because we
could not detect either B-strand stacking or a pattern of exposure of hydrophobic residues (fig.
S5, C and D), this suggests that histone-PTX3 aggregate formation is a result of polyvalent
interactions and the unfolding of the a-helix of PTX3 (Fig. 3). Although the co-aggregation of
unstable or disordered proteins has been reported previously (43, 44), to our knowledge, this is
the first report of aggregate formation induced by unfolding as a result of interaction with a

heterogeneous protein.

Extracellular histones are the major mediators of death in sepsis (23). Although the detailed
mechanisms of cytotoxicity are not fully known, the endosome-associated Toll-like receptor 9
(TLR9) (21) and the plasma membrane—associated TLR2 and TLR4 (22) are implicated in
histone cytotoxicity in a mouse model of fatal liver injury. Although previous studies indicated
that extracellular histones localized only at the plasma membrane (33, 34), we observed their
partial internalization (fig. S6C), which suggests the possible participation of endosome-
associated TLRs. We hypothesize that aggregation induced by PTX3 binding and disruption of
the secondary structure of histones could prevent the internalization of extracellular histones.

That PTX3 had protective effects against extracellular histone—dependent cytotoxicity was



further supported by the observation that histone-dependent calcium flux in endothelial cells was
suppressed by PTX3 even when it was added several minutes after treatment with histones (Fig.
4B). We speculate that histone-mediated cytotoxicity is a relatively slow process, and that it can

be interrupted by the potent interaction between PTX3 and histones.

In addition to our cell-based analysis, we demonstrated that PTX3 had a protective effect against
extracellular histones in vivo. In a mouse model of histone challenge, administration of PTX3
blocked massive lung hemorrhage and vascular pathological lesion without affecting platelet
function (Fig. 5). This result highlights a distinct feature of PTX3 compared with other reported
protective molecules, such as anti-histone H4 antibody (23), heparin (34), C-reactive protein
(33), and recombinant thrombomodulin (35). Although these molecules also bind to histones, the
distinctive feature of PTX3 is its capacity to cause coaggregation, which enables PTX3 to bind

rapidly and irreversibly to histones.

In our efforts to confirm the effects of administration of the N-terminal domain of PTX3 in
mouse models of sepsis, we observed that PTX3 markedly rescued lethality even after the CLP
operation. These findings suggest that the PTX3 N-terminal domain, which is sufficient for
cytoprotection against histones, is a potential treatment for sepsis. PTX3 suppressed both pro-
inflammatory signals (Fig. 6C) and the plasma concentration of histone in mice 24 hours after
injection with LPS (Fig. 6B). Li et al. detected histone H3 in the plasma of mice 3 hours after
injection with LPS (45). The discrepancy between that study and our current study may be
because of the difference in the dose of LPS that was injected. Suppression of the pro-

inflammatory responses to histones may be a result of the other effects of PTX3 on the innate



immune system and inflammation (2, 3). The aggregation-induced attenuation of histone
cytotoxicity that we showed here may enable the rapid and permanent removal of toxic

molecules, and thus may provide a new strategy for the treatment of sepsis.

Materials and Methods

Reagents

Recombinant histones were purchased from New England BiolLabs Inc. Calf thymus histones
was purchased from Roche. The anti-PTX3 mouse monoclonal antibodies PPZ-1228 (1gG2b)
and horseradish peroxidase (HRP)-conjugated PPZ-1228 were generated as previously described
(26). The HRP-conjugated anti-6xHis antibody (Anti-His-tag HRP-DirecT) was purchased from
Medical & Biological Laboratories. The anti-myc antibody (9E10) was purchased from Santa
Cruz Biotechnology. The anti-histone H3 antibody (ab1791) was purchased from Abcam. The
synthetic human histone H3 and H4 peptide fragments were obtained from Sigma. The peptide

sequences are provided in table S1.

Expression and purification of PTX3 proteins

Recombinant, non-tagged human PTX3 (rhPTX3) protein was expressed and purified as
previously described (26). Recombinant, tagged human PTX3 fragments (PTX3_Full, PTX3_N,
and PTX3_C) were expressed and purified as previously described (26). The recombinant tagged
N-terminal domain of human PTX3 (N-terminal wild-type) and its oligomerization-defective
mutant, in which all of the cysteine residues were changed to serine residues (N-terminal
mutant), were expressed and purified as described previously (26). Removal of endotoxin from

bacterially expressed PTX3 proteins for cell-based and animal experiments was performed with



Detoxi-Gel Endotoxin Removing Columns (Thermo Fisher Scientific Inc.) according to the

manufacturer’s instructions.

Binding assays for PTX3 proteins and histone proteins

Binding assays were performed as previously described (26). Briefly, histone or a histone
peptide fragment was immobilized on a polystyrene 96-well plate. The plate was blocked with
buffer containing 1% bovine serum albumin (BSA). As the primary reaction, each recombinant
PTX3 protein diluted in 1% BSA buffer was added. To detect 6xHis-tagged PTX3 protein, an
HRP-conjugated anti-6xHis antibody was used for the secondary reaction. To detect myc-tagged
PTX3 protein, an anti-myc antibody was used for the secondary reaction, whereas a peroxidase-
conjugated F(ab’), fragment goat anti-mouse IgG (H+L) was used for the third reaction. The
plate was developed with soluble 3,3’,5,5’-tetramethylbenzidine (TMB) reagent, and the reaction
was stopped with TMB stop buffer. The absorbance was then read at 450 and 630 nm. To
investigate the calcium-dependency of the interaction between PTX3 and histone proteins, 4 mM

CaCl, or 4 mM each of EDTA and EGTA were added to all of the buffers.

SPR measurement

All of the SPR experiments were performed with a Biacore T200. Immobilization of each
recombinant human histone protein on the sensor chip CM5 was performed with an Amine
Coupling Kit using a standard coupling protocol. The reaction conditions were set at 5 pl/min at
25°C with HBS-P [10 mM HEPES (pH 7.4), 150 mM NacCl, 0.05 % Tween 20] as the running
buffer. All of the flow cell surfaces were activated by a 1:1 mixture of 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) for 7 min.



Next, each recombinant histone protein, diluted with 10 mM sodium acetate (pH 5.0), was
injected for 7 min. Deactivation of excess reactive groups was achieved with a 7-min injection of
ethanolamine. One flow cell, which was left uncaptured in the samples, was used as a control.
The kinetic analysis was performed with a single-cycle kinetics method. With the reaction
conditions set at 30 ul/min and 25°C, five, two-fold dilutions of the analytes were injected
sequentially for 2 min of association, followed by 2 min of dissociation. The highest
concentration of each analyte was as follows: 1 nM for PTX3_Full; 5 nM for PTX3_N; 50 nM
for PTX_C; 5 nM for the N-terminal wild-type; and 50 nM for the N-terminal mutant.
Regeneration of the surface was achieved by an injection of 0.1 % SDS for 7 min. To investigate
the calcium-dependency of the interaction, 3 mM CaCl, or 3 mM each of EDTA and EGTA
were added to the buffer during the kinetic analysis. The kinetics were calculated with Biacore

T200 evaluation software.

Turbidity measurement
Turbidity measurement was performed with a NanoDrop spectrophotomerer (Thermo Scientific).
Before the turbidity measurements, samples were dialyzed with Tris-buffered saline (TBS)

containing 4 mM CacCl,.

Transmission electron microscopy

Transmission electron microscopy analysis was performed as previously described (46). Briefly,
the histone-PTX3 mixtures were mixed and then fixed in a 1% OsOy solution for 1 hour. A drop
of the mixture was placed on a grid provided with a supporting collodion film. Photographs were

taken under transmission electron microscopy (S700; Hitachi).



Fluorescent probe-based aggregation assay

All of the fluorescence measurements were performed with Fusion universal microplate reader
(PerkinElmer). To detect aggregation caused by [-sheet stacking, 5 uM (final concentration)
thioflavin T (ThT, Sigma) was added to the samples. To detect hydrophobicity-mediated
aggregation, 1 uM (final concentration) 8-Anilino-1-naphthalenesulfonic acid ammonium salt
(ANS, Sigma) was added to the samples. The excitation and emission maximums for each

measurement were set to 425 and 485 nm for ThT and 330 and 485 nm for ANS, respectively.

CD analysis

CD spectra were recorded on a J-820 spectropolarimeter (JASCO). Measurements were
performed in TBS containing 4 mM CacCl, at 25°C with a quartz cuvette with a path length of 0.1
cm (GL Sciences Inc.). All of the measurements were performed with the indicated
concentrations of TBS containing 4 mM CaCl,. Samples were scanned five times at 20 nm/min
with a bandwidth of 0.1 nm and a response time of 1 s over the wavelength range 190 to 260 nm.

The data were averaged and the spectrum of the buffer sample was subtracted.

Cytotoxicity assays

Human umbilical vein endothelial cells (HUVECSs) were cultured in EGM2 medium (Clonetics),
and were used for experiments within the first 6 passages. For the cytotoxicity assay, cultured
HUVECs were washed with phosphate-buffered saline (PBS) and incubated with various
histones mixed with or without PTX3 in Opti-MEM medium at 37°C for 1 hour, and then were

stained by adding propidium iodide (PI, 10 pg/ml, Sigma) for 5 min at 37°C. The cells were



washed with PBS and detached with PBS, 0.2 % Pluronic F-68, 1 mM EDTA, and then were

subjected to flow cytometric analysis.

Ca’* signal imaging

The human umbilical vein cell line EA.hy926 cells (ATCC) were cultured on glass base dishes
(ASAHI GLASS CO., LTD) in DMEM supplemented with 10% fetal bovine serum. Cells were
pre-loaded with Fluo 4-AM (Dojindo) according to the manufacturer’s instructions. After
washing with PBS, cells were incubated with Hank’s Balanced Salt Solution (HBSS) containing
3 mM CaCl,. Cells were treated with histones in the absence or presence of PTX3 in HBSS
containing 3 mM CacCl,, and then fluorescence images were acquired at 5-s intervals by confocal
laser scanning microscopy (FV-1000; Olympus). The acquired images were analyzed with Meta

Morph imaging software (v6.2, Molecular Devices).

Analysis of histone localization with endothelial cells

Calf thymus histones or BSA were labeled with an Alexa Fluor 488 protein-labeling kit
(Invitrogen) according to the manufacturer’s instructions. EA.hy926 cells were cultured on glass
base dishes. Cells were pre-loaded with CellTracker Orange Fluorescent Probe (Takara Bio)
according to the manufacturer’s instructions. After washing with PBS, cells were incubated with
HBSS containing 3 mM CacCl,. Cells were treated with Alexa Fluor—conjugated histones with or
without PTX3 in HBSS containing 3 mM CaCl,. Cells were washed with PBS, fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature, washed with PBS, and incubated with
HBSS containing 3 mM CacCl,. Fluorescence images were captured by confocal laser scanning

microscopy (FV-1000; Olympus).



Animal experiments

We used male 6- to 12- week-old C57BL/6 mice for the animal experiments. All animal studies
were approved by the Institutional Animal Care and Use Committees at the University of Tokyo.
For the histone-infusion model, mice were intravenously injected with calf thymus histones at 60
mg/kg or 50 mg/kg body weight. Mice were treated with or without PTX3 (N-terminal wild-type,
12 mg/kg body weight) by intraperitoneal injection just before the histones were infused. Lung
samples were fixed in formalin, embedded, sectioned, stained with hematoxylin and eosin, and
subjected to Elastica van Gieson staining and Reticulin staining. Paraformaldehyde fixation was
used for electron microscopic observation. For the LPS-induced endotoxemia model, mice were
injected with LPS (Lot. 090M4030, Sigma, 16 mg/kg body weight). Mice were treated with or
without PTX3 (N-terminal wild-type, 5 mg/kg body weight) by intraperitoneal injection 2 hours
before they were challenged with LPS. Measurement of the concentrations of IL-6 and VEGF in
the plasma of LPS-injected mice was performed as previously described (47). The liver and
lungs were removed 24 hours after LPS injection, fixed in 10% buffered formalin, and embedded
in paraffin. To identify neutrophils, histological slides were deparaffinized and rehydrated. The
slides were stained for napthol AS-D chloroacetate esterase according to the manufacturer's
instructions (Napthol AS-D Choloroacetate Esterase Kit; Sigma-Aldrich) and were
counterstained with hematoxylin. The neutrophils within these areas, identified by red
cytoplasmic staining and typical polymorphonuclear morphology, were then counted. With
imaging software (NIS- Elements D; Nikon Inc.), at least 25 x 10% mm? or more areas were
selected randomly and averaged. The results from each count were expressed as the neutrophil

number / 5 x 10 mm? for the section. For immunohistochemistry, the specimens were stained



with an anti-mouse F4/80 rat monoclonal antibody (BMA Biomedicals) as previously described
(48). Stained cells were counted in ten randomly chosen 6.25 mm? squares with an eyepiece
(Olympus WHK 10x/20L). For CLP-induced sepsis model, the CLP procedure was performed as
described previously (49). Mice were treated with gentamicin (5 mg/kg body weight) and PTX3
(N-terminal wild-type, 5 mg/kg body weight) or gentamicin alone by intraperitoneal injection 4

hours after the CLP procedure was performed.

Statistics

Results are mean = SD unless otherwise stated. We analyzed calcium imaging data with
Bonferroni post tests. We analyzed mouse survival with the log-rank test. P < 0.05 was
considered statistically significant. Other statistical analyses were performed with P values

calculated by the Student’s t test.
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Fig. S1. Analysis of histone-PTX3 interactions by ELISA.

Fig. S2. Analysis of histone-PTX3 interactions by SPR.

Fig. S3. Analysis of the interaction between histone peptides and PTXS3.

Fig. S4. UV-visible spectrum of a histone-PTX3 mixture.

Fig. S5. Assessments of histone-PTX3 aggregation.

Fig. S6. PTX3-mediated protection against cytotoxicity that is caused by the association of
histones with the endothelium.

Fig. S7. Effects of PTX3 in histone-infused mice.
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Fig. 1. Binding pattern and affinity of PTX3 and histones. (A) The extent of binding of
recombinant, non-tagged human PTX3 (rhPTX3) to the indicated histone proteins in the
presence (Ca**) and absence (EDTA/EGTA) of calcium was measured by ELISA as described in
the Materials and Methods. The HRP-conjugated anti-PTX3 monoclonal antibody PPZ-1228 was
used for detection. Data are from three independent experiments performed in duplicate. (B) The
extent of binding of the indicated recombinant tagged human PTX3 fragments to histone H4 in
the presence (left) and absence (right) of calcium was measured by ELISA. An HRP-conjugated
anti-myc antibody was used for detection. Data are from three independent experiments
performed in duplicate. (C) Binding sensorgrams and calculated affinities of the interaction
between histone H4 and the indicated recombinant tagged human PTX3 fragments in the
presence (Ca**) and absence (EDTA/EGTA) of calcium as determined by SPR measurements.

SPR sensorgrams are representative of two or three independent experiments. The calculated



affinities shown below the graphs are from two or three independent experiments. The extents of

binding and affinities of the PTX3 fragments and other histones can be found in figs. S1 and S2.

Fig. 2. Histone-PTX3 binding causes aggregate formation. (A) Electron microscopic image of
the aggregates formed in a mixture of histone H4 (0.5 mg/ml) and the N-terminal domain of
wild-type PTX3 (0.17 mg/ml). Scale bar: 0.2 um. Image is representative of two independent
experiments. (B) The indicated recombinant histone proteins (50 pug/ml) were mixed with each
of the indicated PTX3 fragments (30 pg/ml), and the turbidity of the resulting mixtures was
measured as described in the Materials and Methods. Data are means = SD from two
independent experiments. (C) Calf thymus histones (Histones, 50 pg/ml) were mixed with a
range of concentrations of the indicated PTX3 fragments, and the turbidity of the resulting
mixtures was measured as described earlier. Data are means + SD from two independent

experiments.

Fig. 3. The molecular mechanisms of histone-PTX3 aggregate formation. (A) Method used
to determine the stoichiometry of aggregate formation. (B) Determination of the stoichiometry of
histone-PTX3 aggregates. The indicated PTX3 fragments (50 pg/ml) were mixed with the
indicated molar ratios of histone H4 protein, aggregates were removed by centrifugation, and the
residual PTX3 and histone H4 proteins in the supernatant were resolved by SDS-PAGE. The gels
were stained with CYPRO Ruby. Images are representative of two independent experiments. (C)
Top: The CD spectra of PTX3 N-terminal wild-type (25 pg/ml), PTX3 N-terminal mutant (25
pg/ml), and histone H4 (5 pg/ml). Bottom: The CD spectra of mixtures of the indicated PTX3

proteins and histone H4. To ensure adequate measurements, concentrations of PTX3 and histone



H4 that resulted in no aggregation were used (fig. S5E). Before all experiments, samples were
dialyzed with TBS containing 4 mM CaCl,. Spectra are representative of two independent

experiments.

Fig. 4. PTX3-mediated protection of endothelial cells from cytotoxicity caused by
extracellular histones. (A) The ability of PTX3 to protect HUVECs from the cytotoxic effects
of the indicated concentrations of calf thymus histones (Histones) was assessed by staining the
cells with propidium iodide (PI) and determining the mean fluorescence intensity (MFI) of Pl
staining. Data are means + SD from three independent experiments. (B) The ability of PTX3 to
suppress histone-mediated calcium flux in EA.hy926 cells was determined by measuring a
calcium indicator dye in loaded cells. The fluorescence images were taken at five-second
intervals with a microscope, and the numbers of cells that exhibited increased fluorescence
intensity within groups of 25 cells in each set of 6 frames were counted. Left: Histone (Control)
or a histone-PTX3 mixture (PTX3_Full) was added. Right: Histone was added at 0 s, and then
either medium (Control) or PTX3 (PTX3_Full) was subsequently added at 180 s. Data are means
+ SD from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to
control. (C) EA.hy926 endothelial cells stained with CellTracker Orange were incubated for the
indicated times with Alexa Fluor 488-labeled histones (40 pg/ml) alone or in the presence of
full-length PTX3 protein (20 pg/ml). The localization of the histones in relation to the
endothelial cells was observed by confocal microscopy. Scale bar: 100 pm. Images are
representative of three independent experiments. (D) EA.hy926 cells were incubated with Alexa
Fluor 488—conjugated histones or BSA in the presence of the indicated concentrations of full-

length PTX3 protein. Cells were then analyzed by flow cytometry to measure the MFI of bound



fluorescently labeled protein. Data are means + SD from three independent experiments. (E)
HUVECs were treated with calf thymus histones (Histones, 100 pg/ml) in the presence or
absence of the indicated human PTX3 fragments (40 pg/ml). Cells were then incubated with P,
and extent of PI staining was measured by flow cytometric analysis as described earlier. Data are

representative of three independent experiments.

Fig. 5. Analysis of the protective effects of the N-terminal domain of PTX3 against histone
infusion in mice. Histone-infused mice were treated with the PTX3 N-terminal domain (N-
terminal wild-type) or control buffer (Control). (A) Survival rates of mice intravenously injected
with histones (60 mg/kg) over time. Data are from five mice for each treatment. (B to F) PTX3-
mediated suppression of hemorrhage and other damage in the lungs. Lungs removed from mice
120 min after they were infused with sub-lethal doses of histones (50 mg/kg) were stained by (B
and C) H&E staining, (D) (top) H&E staining, (bottom) Elastica van Gieson staining, (E)
Reticulin staining, or (F) were analyzed by electron microscopy. Histone-induced hemorrhages
were observed in (B) the bronchovascular bundle (arrows) and (C) hilum of the lung (arrows).
(D) Histone-induced disruption of smooth muscle fibers and desquamation of endothelium and
elastic fiber were observed in pulmonary veins (arrows). (E) Histone-induced rupture of the
alveolar walls was observed (arrows). (F) Histone-induced cytotoxicity of endothelial cells was
observed by electron microscopy. The areas indicated by boxes are enlarged and are shown
below. Hemorrhaging and other damage in the mice were suppressed by the administration of the
N-terminal domain of PTX3. Scale bars: 500 um (B and C), 50 um (D and E), and 25 um (F).

Data in (B) to (F) are representative of three mice for each treatment.



Fig. 6. Analysis of the host-protective effects of the N-terminal domain of PTX3 against
sepsis in mouse models. (A to F) Mice were treated with LPS and then were treated with either
the N-terminal domain of PTX3 (N-terminal wild-type) or control buffer (Control). (A) Survival
rates of mice intravenously injected with LPS over time. Data are from 16 mice for each
treatment. (B) The presence of plasma histone H3 protein was detected 24 hours after injection
with LPS. Data are from five mice for each treatment. Analysis of the time course is shown in
fig. S8. (C) The plasma concentrations of IL-6 and VEGF in the LPS-injected mice at the
indicated times were measured by ELISA. Data are means + SEM from five mice for each
treatment. *P < 0.05. (D) Macrophage recruitment into the lung (top) and liver (bottom) 24 hours
after LPS injection was determined by immunostaining with an anti-F4/80 antibody. Scale bar:
50 um. Images are representative of four mice for each treatment. (E) Neutrophil recruitment
into the lung 24 hours after LPS injection was determined by esterase staining. Scale bar: 50 um.
Images are representative of five mice for each treatment. (F) Numbers of macrophages in the
lung and the liver, and of neutrophils in the lung. *P < 0.05, **P < 0.005. Data are means = SD
from four or five mice for each treatment. (G) Survival rates of mice subjected to CLP. Mice
were treated with gentamicin alone (Control) or in the presence of the N-terminal domain of

PTX3 (N-terminal wild-type). Data are from the indicated numbers of mice for each treatment.
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