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become a focus of research. Accumulating evidence indicates that
ROS induce neoplasia by mutating nuclear and mitochondrial DNA
(Ishii et al., 2005) or by signaling a pseudohypoxic condition by sta-
bilization of the HIF-1o under normoxic conditions (Guzy et al,,
2008). To date, the FAD site is proposed as the ROS producing site
in complex I, based on studies done on Escherichia coli (Messner
and Imlay, 2002), whereas the quinone binding site is proposed as
the site of ROS production based on studies in Saccharomyces cerevi-
sige {(Guo and Lemire, 2003; Szeto et al., 2007).

In adult worms of the parasitic helminth Ascaris suum, complex
II functions as the terminal oxidase of the anaerobic respiratory
chain and catalyzes fumarate reduction (quinol-fumarate reduc-
tase; QFR; Kita et al., 2007). Consistent with its physiological func-
tion, it shows high fumarate reductase (FRD) activity when the
water-soluble dye methyl violegen is used as an artificial electron
donor (Amino et al., 2003). Although the adult enzyme shows high
FRD activity, the amino acid sequences of all four of its subunits are
more similar to the mitochondrial SQR than to the bacterial QFR
(Amino et al., 2000; Amino et al,, 2003; Kuramochi et al., 1994;
Saruta et al., 1995; Saruta et al., 1996). Moreover, the amino acid
residues in the FAD binding site and the active site in the catalytic
domain as well as the quinone binding site (Q site) are similar to
the mitochondrial SQR. In addition, it shows high SQR activity
in vitro (Iwata et al,, 2008; Kita et al., 2002).

During a study of complex Il in adult A. suum, we found a signif-
icant degree of succinate-cytochrome ¢ reductase activity in puri-
fied A. suum adult complex II, even though the preparation did not
contain complex I (quinol-cytochrome c reductase) (Takamiya
et al., 1986). This result raised the possibility that significant elec-
tron leak occurred from adult complex IL In the present study, in
attempting to verify this possibility, we investigated succinate-
dependent ROS production from the parasite’s mitochondria. Anal-
ysis of submitochondrial particles for superoxide (0;) production
using superoxide dismutase inhibitable acetylated cytochrome ¢
reduction, and hydrogen peroxide production using catalase inhib-
itable amplex red oxidation, in the presence and absence of respi-
ratory chain inhibitors, showed the contribution from both the FAD
site and Q site of complex II to produce O, and H,0, when succi-
nate is oxidized under aerobic conditions. Considering the conser-
vation of amino acid residues critical for the enzyme reaction
between A. suum complex Il and mitochondrial SQR, our results
show that ROS are produced from more than one site in mitochon-
drial complex 1I, linked with subtle differences in the amino acid
sequences of the enzyme complex.

2. Materials and methods
2.1. Chemicals

Amplex red was obtained from Molecular probes (Eugene, Ore-
gon). Acetylated cytochrome ¢, superoxide dismutase (bovine and
E. coli), and horseradish peroxidase were from Sigma Chemical
Company, USA. Catalase was from Wako, Japan. Atpenin A5 was
from Alexis Biochemicals, Switzerland.

2.2. Submitochondrial particles (SMPs)

SMPs were prepared from frozen muscles of A. suum adult fe-
male worms by the modified method of Matsuno-Yagi and Hatefi
(1985). During preparation of mitochondria, Chappell Perry buffer
(100 mM KCl, 50 mM Tris—HCl, 1 mM ATP, 5 mM MgCl, and 1 mM
EDTA, pH 7.4) containing 10 mM sodium malonate was used
(Yamashita et al., 2004). Mitochondria were subjected to sonica-
tion four times for 30 s with 1.5-min intervals (Branson 450 D,
Japan) in the same buffer containing 1 mM sodium malonate and

MgCl, and MnCl;, at a final concentration of 10 mM. In addition,
the SMP were washed three times in Chappell Perry buffer with
1 mM sodium malonate buffer to remove the ROS scavenging mol-
ecules and stored at ~80 °C. Mitochondria from L; larvae were pre-
pared as previously described (Amino et al, 2003). SMPs were
prepared from frozen mitochondria of A. suum Ls larvae by sonicat-
ing three times for 30 s with 1.5-min intervals in a water bath son-
ifier (Sibata Su-25, Model SSC-350H, Japan). They were washed as
described in adult SMP preparation and stored at —80 °C. The pro-
tein concentration in the SMP samples was estimated by Lowry's
method (Lowry et al, 1951), using bovine serum albumin as the
standard.

2.3. Superoxide generation assay

The superoxide radical generation rate was assayed using
superoxide dismutase (SOD) inhibitable acetylated cytochrome ¢
reduction (Azzi et al, 1975; Imlay and Fridovich, 1991; Zhao
et al.,, 2006). The assay was performed in 50 mM potassium phos-
phate buffer (pH 7.4) containing, 0.25 M sucrose and 1 mM MgCl,
at 25 °C in the presence of 25 uM acetyl cytochrome ¢ and 15 pg/
ml SMP in a total reaction mixture of 1 ml. After pre-incubating
the mixture for 2 min, the reaction was started by adding
0.75 mM sodium succinate or 50 pM NADH. A parallel reaction
was run with an additional 30 U/ml superoxide dismutase. The
reduction of acetylated cytochrome ¢ was monitored spectropho-
tometrically as the difference in absorbance at 550-540 nm and
calculated using the difference in extinction coefficients of ferrocy-
tochrome ¢ and ferricytochrome ¢, & 5°°5%0 = 19 mM~! cm~. Non-
specific reduction of acetyl cytochrome ¢ was excluded by
subtracting the amount of cytochrome ¢ reduced in the presence
of SOD from that in the absence of SOD.

2.4. H,0, generation assay

Oxidation of amplex red (10-acetyl-3,7-dihydroxyphenoxazine)
to resorufin was used to assay the H,0, generation rate (Chen
et al,, 2003; Mohanty et al., 1997; Shinjyo and Kita, 2007). The as-
say was performed in 50 mM potassium phosphate buffer (pH 7.4)
containing, 0.25 M sucrose and 1 mM MgCl,, 50 pmol amplex red,
0.2 U/ml horseradish peroxidase, 15 ug/m! SMP, and 0.75 mM so-
dium succinate or 50 UM NADH in a total reaction mixture of
1.0 ml maintained at 25 °C. A parallel reaction was run with an
additional 1000 Ufml catalase. The resorufin formation rate was
monitored spectrophotometrically at 571 nm. The H,0, generation
rate was calculated by using a standard curve, Specificity of the
reaction was obtained by subtracting the amount of H,0, pro-
duced in the presence of catalase from that in the absence of
catalase,

In A. suum adult SMP, both the 0; and H,0, generation assays
were also performed in the presence of 10 mM sodium malonate
which blocks the dicarboxylate-binding site of complex II;
400 nM atpenin A5, which blocks the Q site of complex II; and 40
nM quinazoline, which blocks the Q site of complex L. In A. suum
Lz larval SMP, 10 uM antimycin A (Qi site inhibitor of complex
11}, 5 uM stigmatellin (Qo site inhibitor of complex 111}, 5 1M rote-
none (Q site inhibitor of complex I) were also employed in the as-
says. All these inhibitors at the above-mentioned concentrations
reduced more than 85% of the corresponding activities.

2.5. Statistical analysis

All the assays were performed in triplicate and the results were
expressed as means * SEM. O; or H,0, production from a particu-
lar organism with a given substrate was compared between
different experimental conditions using one-way analysis of
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variance followed by the Tukey test. The level of significance was
p<0.05.

3. Results

3.1. Complex Il is the main ROS producing site in the respiratory chain
of adult A. suum

Since the presence of antioxidant molecules in the mitochon-
dria interfered with accurate ROS detection, inside-out submito-
chondrial particles were prepared and washed to eliminate the
antioxidant molecules. As shown in Figs. 1a and 1b, substantial
production of O; and H,0, was observed from the submitochon-
drial particles of A. suum adults and L larvae. Then, a series of
respiratory chain inhibitors in combination with the respiratory
substrates were employed in the assays in order to localize the site
of ROS production. Quinazoline is a Q site inhibitor of A. suum adult
complex I (Yamashita et al., 2004) (Fig. 2a). During succinate oxida-
tion, i.e,, electron entry into the respiratory chain from complex 11,
the addition of quinazoline inhibits the reverse flow of electrons
into complex I from the quinone pool. As shown in Table 1, quinaz-
oline inhibition did not show a significant effect on succinate-
dependent O; production. This result indicates that the contribu-
tion of complex 1 for succinate-dependent ROS production in A.
suum adult worms is not significant. Since complex Ill and IV activ-
ities are not found in the respiratory chain of adult A. suum, the
only significant source of O; in its submitochondrial particles must
be complex II. Moreover, the addition of quinazoline in the reaction
mixture during NADH oxidation, i.e,, electron entry from complex I,
resulted in 95% suppression of the O; production rate (Table 1)
suggesting the possibility of either the Q site of complex I or a re-
dox center/centers in complex II to be the major O; production
sites. In order to assess the contribution of the Q site in complex
I for O; production, atpenin A5, which inhibits the SQR activity
of complex I completely in A suum (Miyadera et al, 2003)
(Fig. 2a), was employed. The NADH-dependent 0; production rate
observed in the presence of atpenin A5 was not significantly differ-
ent from that in the presence of quinazoline (Table 1), indicating
that the Q site of complex I does not contribute to NADH-depen-
dent O, production significantly. The effect of inhibitors on succi-
nate- and NADH-dependent hydrogen peroxide production rates
also showed a similar pattern to that of 05 (data not shown). Col-
lectively, the above data provide clear evidence to show that com-
plex Il is the main ROS producing site in the respiratory chain of A.
suum adult worms.
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Fig. 1a. Superoxide and hydrogen peroxide generation by SMP of adult A, suum
worms oxidizing 0.75 mM succinate or 50 uM NADH. Superoxide production was
measured as superoxide dismutase inhibitable reduction of acetylated cytochrome
¢, and hydrogen peroxide production was measured as catalase inhibitable
oxidation of amplex red as described in Section 2. Results are expressed as
means + SEM of triplicate measurements from three different pools of submito-
chondrial particles.
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Fig. 1b. Superoxide generation by SMP of A. suum L larvae oxidizing 0.5 mM
succinate or 50 uM NADH. Superoxide production was measured as superoxide
dismutase inhibitable reduction of acetylated cytochrome c as described in Section
2. Results are expressed as means * SEM of triplicate measurements from a single
pool of submitochondrial particles. No detectable level of hydrogen peroxide was
produced when measured as catalase inhibitable oxidation of amplex red as
described in Section 2.

Table 1

Superoxide production from submitochondrial particles of A, suum adult worms
oxidizing 0.5 mM succinate and 50 pM NADH in the presence of respiratory chain
inhibitors. Superoxide production was determined as superoxide dismutase inhibit-
able reduction of acetylated cytochrome c as described in Secton 2. Values are given
as nmol/min/mg of protein and expressed as means % SEM from triplicate measure-
ments on one pool of submitochondrial particles, The decrease of superoxide
production (%) in the presence of the inhibitor compared to that in the absence of the
inhibitor is given in parentheses,

Succinate NADH
No inhibitor 40011 410£7.75
Quinazoline (40 nM) 358£12 (-10%) 21.1+1,01° (-95%)
Atpenin A5 (400 nM) 246 £5° (—38%) 24.0+0.58° (~94%)
Malonate (10 mM) ND¢ 67.8 £4.21° (~83%)

*2< Significantly different from the measurement without an inhibitor. p <0.05.
There was no significant difference between °p < 0.05.
There was a significant difference between and p < 0.05.

4 ND: not detectable.

3.2. ROS production from the respiratory chain of A. suum L larvae

In A. suum L larvae, components of the respiratory chain are
similar to those of mammalian mitochondria (Kita and Takamiya,
2002), and complex I serves as SQR. Since the subunit composition
of L3 larvae complex 11 is different from that of the adult worm
(Amino et al, 2000; Amino et al., 2003), succinate- and NADH-
dependent ROS production from the SMP of Ls larvae was also
measured in the presence of 5 uM rotenone (Q site inhibitor of
complex I), 10 pM antimycin A (Qi site inhibitor of complex 1II),
5 M stigmatellin (Qo site inhibitor of complex III), and 10 mM
NaNs (complex 1V inhibitor). In L; larvae, the succinate-dependent
O; production rate was not significantly affected by the addition of
these inhibitors (Table 2). This suggests that complexes I, IIl, and IV
of the L3 larval respiratory chain do not contribute to 0; produc-
tion during succinate oxidation. Yet, 05 production during succi-
nate oxidation was almost completely inhibited by 10 mM
malonate and 14% inhibited by atpenin A5. Taken together, these
data indicate that complex II is the main succinate-dependent
ROS producing site in the submitochondrial particles of A suum
Ls larvae, as is the case for adult worms. On the other hand, malon-
ate and atpenin A5 did not have any effect on NADH-dependent
O; production, whereas rotenone significantly increased it. 03
production rates in the presence of antimycin A and stigmatellin
or NaNz were similar to that in the presence of rotenone. These

- 365 -



M.P, Paranagamna et al./ Mitochondrion 10 (2010) 1§8—1 65 161

Table 2

Superoxide production from submitochondrial particles of A. suum L3 larvae oxidizing
0.5 mM succinate or 50 uM NADH in the presence of respiratory chain inhibitors,
Superoxide production was determined as superoxide dismutase inhibitable reduc-
tion of acetylated cytochrome ¢ as described in Section 2. Values are given as nmol/
min/mg of protein expressed as means * SEM from triplicate measurements on one
pool of submitochondrial particles. The change of superoxide production (%) in the
presence of the inhibitor compared to that in the absence of the inhibitor is given in
parentheses.

Succinate NADH
No inhibitor 445 +0.07 1.86:+0.03
Rotenone (5 pM) 442+0,03 (-0.7%) 229%0,07° (+23%)
AntimycinA (10 M) - ===~ 456£0.07 (+3%)" T1.62% 007 (~13%)
Antimycin A (10 pM) + Stigmateilin  4.81 £0.03 (+8%)  2.53 + 003 (+36%)
(5 uM)

NaN3 (10 mM) 4,87 +0 (+9%) 2,63 + 0.04° (+41%)
Malonate (10 mM) ND¢ 1.62£0.13 (~13%)
Atpenin A5 (400 nM) 3.85+0.07*(-14%) 1.822001 (—2%)

2b Significantly different from the measurement without an inhibitor. p < 0.05.
There was no significant difference among Pp < 0,05,
¢ ND: not detectable.
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Fig. 2a. Schematic representation of the flow of electrons and the sites of action of
inhibitors in the respiratory chain complexes of A. suum adult worms.

Fumarate

Fig. 2b. Ribbon model of mitochondrial complex II of S. scrofa (pdb1ZOY) showing
the potential reactive oxygen species production sites identified in A. suum. Fp, Ip,
CybL and CybS subunits are shown in green, blue, red and orange respectively, The
redox centers, FAD, iron-sulfur clusters and heme b are as labeled in the figure,
Rhodoquinone is supposed to bind to the position of ubiquinone.

observations imply that a redox center in complex I upstream to its
Q site is the source of NADH-dependent 05 in L; larvae. Blocking of
complexes Ill or [V leads to accumulation of electrons at complex |,
enhancing the 07 production from this site in a similar manner to
rotenone, Interestingly, unlike in many mammalian tissues, block-
ing of the Qi site in complex 11l did not increase the 0, production
by submitochondrial particles of Ls larvae. A quantitative compar-
ison of ROS production between complexes I and Il in A, suum Ls
larvae showed that the succinate-dependent O; production from
complex II is 3-fold higher than NADH-dependent O; production
from complex I (Table 2).

3.3. ROS are produced from more than one site in A suum
mitochondrial complex 11

In E. coli, the flavin of complex IIs is considered to be the source
of ROS (Messner and Imlay, 2002). In these enzymes, succinate-
dependent ROS production is at a maximum at a lower succinate
concentration (at about 1 mM), and at higher succinate concentra-
tions (around 50-100 mM), it is completely inhibited. Hence, ex-
cess succinate is suggested to suppress ROS production by
hindering the access of oxygen to FAD, thus preventing its autoxi-
dation. When we measured the succinate-dependent ROS produc-
tion in A. suum SMP, it increased with substrate concentration and
was highest at 0.5-1 mM succinate in both adults and L, larvae
(Fig. 3) and gradually decreased along with increasing succinate
concentrations. This finding is in accordance with the findings on
E. coli complex IIs by Messner and Imlay (2002).

However, the percentage of inhibition in ROS production at
>100 mM succinate in A suum complex Il was only 80%, with
20% always remaining. Further, as shown in Table 1, NADH-depen-
dent O3 production was only 83% suppressed by the addition of
10 mM malonate into the reaction mixture. Since malonate is a
succinate analogue, which is also known to bind in close proximity
to the FAD site in mitochondrial complex Il (Huang et al., 2006), it
is likely to block the interaction between A. suum FAD and oxygen
in a manner similar to that in E. coli complex Is, thus decreasing
the O; production from the FAD site. Such residual ROS production
observed even after complete blocking of the FAD site with succi-
nate or malonate suggests another site for ROS production, in addi-
tion to FAD.

The Qsite is the other candidate for a potential source of ROS in
complex II as reported by Guo and Lemire (2003), and Zhao et al.,
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Fig. 3. Effect of succinate concentration on ROS production from A. suum SMP.
Reaction media for superoxide and hydrogen peroxide measurements were
prepared as described in Section 2. Reactions were initiated by addition of succinate
at a concentration range of 0.01-100 mM. Points indicate means + SEM in triplicate
measurements from three different pools of SMPs in adult worms and from a single
pool in L3 larvae,
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2006. To determine the contribution of the Q site of A. suum com-
plex II to ROS production, we analyzed its ROS production in the
presence of 400 nM atpenin A5, which inhibits the Q site of com-
plex II completely. O; production from complex Il of A. suum adult
worms with 0.75 mM succinate was decreased 38% in the presence
of atpenin A5 (Table 1). In L larvae, it was decreased approxi-
mately 14% (Table 2). This observation indicates that binding of
atpenin A5 results in reduction in ROS production from A. suum
complex Ils. In another ROS producing system, xanthine oxidase/
hypoxanthine, atpenin A5 interfered with neither ROS production
nor detection (data not shown), suggesting that atpenin A5 does
not serve as a radical scavenger. Thus, it appears that electrons leak
to oxygen from the Q site also during succinate oxidation. Atpenin
A5 may inhibit either binding and/or reduction of quinone, thus
preventing electron flow in the Q site and inhibiting ROS
production.

4. Discussion

Mitochondrial respiratory chain is a significant source of cellu-
lar ROS. Impairment of the respiratory chain complexes is known
to increase the cellular ROS production (Indo et al., 2007), Histori-
cally, complexes I and III are considered as the two major sites of
superoxide and hydrogen peroxide production in the respiratory
chain (Jezek and Hlavata, 2005; Murphy, 2009; St-Pierre et al.,
2002). Interestingly, our results show that complex 11 is the main
site of ROS production in A. suum adult respiratory chain (Table
1). In A suum adult respiratory chain, complex Il produces equally
high amount of superoxide and hydrogen peroxide during the oxi-
dation of the complex I linked substrate NADH and the complex II
linked substrate succinate, even under uninhibited conditions (Ta-
ble 1). This observation is contradictory to the observations so far
reported for the mitochondrial respiratory chain in other organ-
isms. Generally, the respiratory chain of isolated mammalian and
avian mitochondria and submitochondrial particles respiring un-
der uninhibited conditions produce significant amount of ROS only
during succinate oxidation by complex I, but the site of ROS pro-
duction is not intrinsic to complex IL In this situation, ROS are pro-
duced from complex | during the reversed flow of electrons derived
from succinate oxidation to reduce NAD (Liu et al., 2002 ). It is com-
pletely abolished by rotenone which inhibits the Q site of complex
I (Liu et al,, 2002; Muller et al., 2008). One can argue that electrons
originating from succinate oxidation in the mitochondrial complex
II of A. suum adult worm also may flow in the reverse direction
through the complex I and leak to oxygen, due to the absence of
complexes IIl and IV activities in its respiratory chain. However, re-
versed flow of electrons through complex I was not found to be a
significant mode of ROS production in the A. suum adult respiratory
chain since inhibition of the Q site in complex I with quinazoline
inhibited only 10% of the succinate-dependent ROS production (Ta-
ble 1). Another feature of the A. suum adult respiratory chain is that
it produces significantly high amount of ROS even when the succi-
nate concentration is as low as 10 uM (Fig 3). At such lower con-
centrations of succinate, detectable level of ROS production is not
so far reported from the mitochondrial respiratory chain in other
organisms. Similar to our findings, succinate-dependent ROS pro-
duction intrinsic to complex II was reported from the mitochon-
drial respiratory chain in S. cerevisige (Guo and Lemire, 2003;
Szeto et al, 2007) and C. elegans (Senoo-Matsuda et al., 2001:
Huang and Lemire, 2009), but the amounts of ROS produced by
their complex Il were significantly lower than that from A. suum
adult complex II reported in this study.

It is well established that ROS production is negligible during
the oxidation of NADH linked substrates by the uninhibited mito-
chondrial respiratory chain, but inhibition of the Q site of complex 1

with an inhibitor such as rotenone results in NADH-dependent ROS
production from complex I to a significant level (Hirst et al., 2008 ).
In contrast, addition of the complex 1 inhibitor quinazoline or the
complex II Q site inhibitor aptenin A5 during NADH oxidation in
A. suum adult SMP almost completely abolished the ROS produc-
tion detected under uninhibited conditions (Table 1), indicating
that complex II is the principal ROS producing site even during
NADH oxidation. Thus, our present study shows that A, suum adult
complex Il has the unique feature of significantly high amounts of
intrinsic ROS production during oxidation of both the complex 1
and II linked substrates under uninhibited conditions.

Although it is widely accepted that complex II of the mitochon-
drial respiratory chain does not have an intrinsic ROS generation
under physiological conditions, accumulating evidence indicates
that pathogenic mutations in complex Il can result in electron leak
to oxygen and produce ROS. Simulation of these pathogenic muta-
tions by pharmacological inhibition of complex II activity with
thiony! trifluoroacetate (TTFA) (Eto et al.,, 1992; Guzy et al,, 2008)
and by genetic inhibition of complex Il activity by RNA interference
of the Ip subunit (Guzy et al.,, 2008) has been reported to induce
succinate-dependant ROS production, probably due to formation
of a flavin radical in the Fp subunit of complex IL. In addition, puri-
fied and solubilized mitochondrial complex I1 is also shown to pro-
duce ROS through a similar manner (Zhang et al., 1998). Moreover,
it has been postulated that ROS may be produced from complex II,
if the enzyme is damaged by oxidative stress or ageing also (Jezek
and Hlavata, 2005).

Understanding the ROS producing sites in complex I is impor-
tant in addressing complex Il associated diseases linked with ROS
production. Currently, there are two models regarding the ROS
production site in respiratory chain complex II. One model is based
on studies carried out on E. coli complex Ils and postulates that the
FAD site in the Fp subunit is the principal site of ROS production
(Messner and Imlay, 2002; Yankovskaya et al., 2003). Exposure of
FAD to the aqueous environment and high electron density are
identified as the causes for ROS production from FAD site, This con-
dition is a consequence of interference in electron flow through
other redox centers. The other model, based on studies carried
out in S. cerevisiae, postulates that the ubiquinone-binding site is
the major ROS production site. Mutations in Ip, CybL, and CybS
subunits are suggested to alter the ubiquinone-binding site, result-
ing in electron leak (Guo and Lemire, 2003; Szeto et al., 2007).

To gain further insight into ROS production from complex II, we
used complex II of the A. suum adult worm since it has a high se-
quence similarity to mitochondrial SQR and produces a signifi-
cantly high amount of ROS (Fig. 1a). As shown in Table 1, when
succinate is utilized as the respiratory substrate, complete inhibi-
tion of the Q site of A suum adult respiratory chain with atpenin
A5 diminished the level of ROS production by 38%. Since complexes
I and 1V activities are not detected in A. suum adult respiratory
chain and the contribution of complex I for succinate-dependent
ROS production is not significant (Table 1), this result indicates
the possibility of the Q site of the complex II in succinate-depen-
dent ROS generation, The remaining fraction (62%) of the succi-
nate-dependent ROS are likely to be originated from the redox
centers located between the Q binding site and the succinate
oxidation site in complex 1L Those are the Fe-S clusters in the Ip
subunit and the FAD site in the Fp subunit. Since Fe-S clusters
are buried below the solvent accessible surface of the protein mol-
ecule while FAD is localized exposed to the aqueous environment
(Sun et al., 2005; Yankovskaya et al., 2003), the probable contribu-
tor for the remaining fraction of the ROS appears to be the FAD site.
As we have discussed in Section 3.3, the strong suppression of
succinate-dependent ROS production at high concentrations of
succinate provide evidence for the involvement of FAD site in
succinate-dependent ROS production in A. suum mitochondrial
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complex II. Thus, our data are in accordance with both models of
ROS production from complex II (Fig. 2b).

4.1. ROS production from the FAD site

The only other complex Il that is so far reported to produce such
a high level of ROS from the FAD site is E. coli QFR. However, the Fp
subunit of A. suum adult complex 1 (QFR) displayed only 37% se-
quence identity to that of E. coli QFR whereas its sequence identity
to that of human Fp is much higher (68%). Moreover, the amino
acid residues participating in the FAD and dicarboxylate-binding
sites in A. suum adult complex II are identical to those in the mito-
chondrial SQR, but not to those in E. coli QFR. These observations
indicate that the roles of the amino acid residues involved in inter-
acting with FAD and substrate binding in QFR of E. coli and A, suum
are different, although they share in common a high level of FRD
activity and ROS production. In contrast, the SQR of E. coli has a
low level of ROS production (Messner and Imlay, 2002). We also
observed a low level of ROS production from complex Il in A. suum
L; larvae (Fig. 1b), which has low FRD/SQR activity (0.39) (Amino
et al,, 2003) despite its high sequence similarity to that of its adult
counterpart.

As shown for E. coli complex IIs, the principal difference be-
tween SQR and QFR lies in the arrangement of redox potentials
among the redox centers (Yankovskaya et al, 2003). In E. coli
QFR, FAD and the 2Fe-2S cluster have the highest redox potentials,
thus attracting electrons to fumarate. On the other hand, in E. coli
SQR, heme b and 3Fe-4S have the highest redox potentials, attract-
ing electrons to quinone. These redox potentials are known to be
important to drive the electrons in the direction of the physiolog-
ical reaction of the respective enzymes. Succinate oxidation in SQR
and quinol oxidation in QFR leads the enzymes to a reduced state
with two electrons. According to theoretical calculations, the dis-
tribution of electrons around FAD in the reduced enzyme is 50
times greater in QFR compared to that in SQR in E. coli (Yankovs-
kaya et al.,, 2003). This provides further evidence to the proposal
by Messner and Imlay (2002) that the reduced state around FAD
is the cause of the high level of ROS production by E. coli QFR. Since
complex II of A. suum adult worms also shows high fumarate
reductase activity, it is reasonable to speculate that electrons will
sequestrate on its FAD during succinate oxidation with subsequent
leak to oxygen.

It appears that, despite the remarkable identity in the amino
acid residues interacting with FAD and forming the substrate bind-
ing site of A. suum adult complex Il and mitochondrial SQR, seques-
tration of electrons on FAD and subsequent leak to oxygen are the
features mainly connected to the ability to reduce fumarate by A.
suum adult complex II. Based on these observations, it is likely that
some mutations in mitochondrial SQR may result in accumulation
of electrons on FAD and subsequent leakage to oxygen. In fact, it
has been shown that mitochondrial complex II produces ROS in
pulmonary vasculature due to the reverse flow of electrons under
hypoxic conditions (Paddenberg et al., 2003).

4.2, ROS production from the quinone binding site

As shown in Tables 1 and 2, succinate-dependent ROS produc-
tion from A. suum SMP is considerably diminished when the com-
plex 1I Q site is inhibited with atpenin A5, indicating that the
quinone binding site also is a contributor for ROS production from
A. suum complex II. The quinone binding site is formed by amino
acid residues which reside in Ip, CybL, and CybS subunits. Gener-
ally, it leaks electrons to oxygen either via a destabilized quinone
molecule or directly from the site. To reduce the quinone in com-
plex Il completely, two electrons are needed. However, electrons
are transferred one at a time from the 3Fe-4S center to the quinone

bound at the Q site. Thus, a semiquinone intermediate is an oblig-
atory part of the quinone reduction by complex II. Until another
electron arrives, the protein environment of the Q-site donates a
proton and stabilizes the semiquinone, thereby preventing its re-
lease from the Q site or premature reoxidation. In the latter case,
a reduction in the affinity of the Q site for quinone can result in di-
rect transfer of electrons to oxygen from the Q site (Horsefield
et al., 2006; Szeto et al,, 2007).

As shown by Lemire and colleagues, using the SQR of S. cerevi-
siae, mutations in the amino acid residues associated with quinone
binding and reduction lead to high levels of ROS production from
the Q site (Guo and Lemire, 2003; Szeto et al., 2007). Yet, except
for replacement of lle C28 with Gly, the aminoe acid residues impor-
tant for quinone binding and reduction in SQR enzymes are con-
served in A. suum adult complex Il Thus, the replacement of lle
(28 to Gly seems to be responsible for ROS production, but this
idea is not supported by the sequence of free-living nematode C
elegans, which also has Gly in that position without producing sig-
nificant amounts of ROS. In addition, complex Il in S. cerevisiae,
which has Ser instead of Ile in the corresponding position, also is
reported to produce very low amounts of ROS (Guo and Lemire,
2003).

When the conservation of amino acid residues responsible for
quinone binding and reduction between mitochondrial SQR and
A. suum adult complex 1I, which functions as QFR, are considered
together with the high level of ROS production observed only from
A. suum adult complex 11, it appears that differences in the architec-~
ture of the quinone binding site caused by subtle differences in its
amino acid residues may contribute to the high level of ROS pro-
duction from its Q site. These differences may result in either an in-
crease in the flow of electrons out of the enzyme or the formation
of a destabilized semiquinone radical during quinone reduction,
leading to a high degree of ROS production. However, we cannot
rule out the possibility of the contribution of rhodoquinone for
ROS production from its Q site. Rhodoquinone, which has a lower
redox potential (—~63 mV) compared to ubiquinone (+110 mV), is
a more favorable electron donor to oxygen than ubiquinone (Kita
and Takamiya, 2002). In this regard, it is also noteworthy that
the Q site in E. coli QFR is not known to produce ROS (Messner
and Imlay, 2002) despite the presence of menaquinone, which
has an even lower redox potential than that of rhodoquinone
(—80 mV) (Cecchini et al.,, 2002). Thus, the presence of a low poten-
tial quinone does not appear to be a likely cause of the high level of
ROS production from the Q site in A. suum adult complex II.

5. Conclusion

We have shown here that under aerobic conditions, both the
FAD site and quinone binding site in A. suum adult complex II con-
tribute to produce significantly high amounts of 0; and H,0, dur-
ing succinate oxidation, despite its high sequence similarity to
mammalian SQR, which does not produce ROS. According to our
observations, subtle amino acid differences in complex 1l subunits
may result in leakage of electrons originating from succinate oxi-
dation from more than one site in complex II, forming ROS. Since
the amino acids interacting with FAD and participating in succinate
binding and quinone reduction in A. suum complex II are well con-
served, amino acid residues responsible for high reactivity with
oxygen may be localized in unique sequences in the parasite’s en-
zyme complex.

In summary, this study shows significant release of ROS from
the mitochondrial complex II using the unique A. suum model.
We believe that A. suum adult complex I1 is a good model to study
the mechanism of ROS production from mitochondrial complex 11,
since amino acid residues conserved among the catalytic domains
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in mitochondrial SQR enzymes are well conserved in this enzyme
and it produces high levels of ROS. Absence of complex Il and IV
activities in its respiratory chain is an additional advantage of this
model. Analysis of its crystal structure and expression of its sub-
units in a cell-free system for mutational analysis are in progress.
These studies will provide further insight into the possibility of
high levels of ROS production from both the FAD site and the Q site
in the complex Il of A. suum adult worm and help to understand the
role of mutations in human complex II for carcinogenesis.
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Background/Aims: After treatment with heat-killed Propionibacterium acnes mice show dense hepatic granuloma forma-
tion. Such mice develop liver injury in an interleukin (IL)-18-dependent manner after challenge with a sublethal dose LPS.
As previously shown, LPS-stimulated Kupffer cells secrete IL-18 depending on caspase-1 and Toll-like receptor (TLR)-4
but independently of its signal adaptor myeloid differentiation factor 88 (MyD88), suggesting importance of another signal
adaptor TIR domain-containing adapter inducing IFN-B (TRIF). Nalp3 inflammasome reportedly controls caspase-1 acti-
vation. Here we investigated the roles of MyD88 and TRIF in P. acnes-induced hepatic granuloma formation and LPS-
induced caspase-1 activation for IL-18 release.

Methods: Mice were sequentially treated with P. acnes and LPS, and their serum IL-18 levels and liver injuries were
determined by ELISA and ALT/AST measurement, respectively. Active caspase-1 in LPS-stimulated Kupffer cells was
determined by Western blotting.

Results: Macrophage-ablated mice lacked P. acnes-induced hepatic granuloma formation and LPS-induced serum I1-18
elevation and liver injury. Myd88~"~ Kupffer cells, but not Ti rif '~ cells, exhibited normal caspase-1 activation upon TLR4
engagement in vitro. Myd88~'~ mice failed to develop hepatic granulomas after P. acnes treatment and liver injury induced
by LPS challenge. In contrast, Trif '~ mice normally formed the hepatic granulomas, but could not release IL-18 or
develop the liver injury. Nalp3~'~ mice showed the same phenotypes of Trif '~ mice.

Conclusions: Propionibacterium acnes treatment MyD88-dependently induced hepatic granuloma formation. Subsequent
LPS TRIF-dependently activated caspase-1 via Nalp3 inflammasome and induced IL-18 release, eventually leading to the
liver injury.
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1. Introduction

Toll-like receptor (TLR) signaling that is indepen-
dently controlled by myeloid differentiation factor 88
(MyD88) and TIR domain-containing adapter inducing
IFN-B (TRIF) [1], is important for the liver in health
(host defense and liver regeneration) and disease
(inflammation) [2]. Liver possesses robust innate
immune cells expressing TLRs, such as Kupffer cells
and NK cells [2-4]. After partial hepatectomy, Kupffer
cells in the remnant liver promptly produce TNF-o in a
MyD88-dependent manner, which in turn induces IL-6
production, eventually leading to homeostatic liver
regeneration [5-7]. Following microbial infection,
Kupffer cells produce IL-12 MyDB88-dependently,
which initiates IFN-y production for microbial eradica-
tion in the early infection phase [3,4,8,9] Thus, the
TLR/MyD88-mediated signalings are beneficial in the
liver homeostasis. Simultaneously, TLR-mediated sig-
nals induce severe liver inflammation. As previously
reported wild-type (WT) mice primed with heat-killed
Propionibacterium acnes develop dense hepatic granulo-
mas. These P. acnes-primed mice undergo acute inflam-
matory liver injury whenever being subsequently
challenged with a sublethal dose of LPS (<50 pg/kg
[3,10]. However, as shown previously, Il]2p40" mice
and Ifny“/ ~ mice lack the dense hepatic granuloma for-
mation after P. acnes treatment and never exhibit liver
injury after LPS challenge {11,12], suggesting impor-
tance of IL-12/IFN-y for the sensitization to LPS
induced by P. acnes treatment. Furthermore, P.
acnes-primed Myd88” mice have poor formation of
hepatic granulomas and are resistant to liver injury fol-
lowing LPS challenge [13], suggesting importance of
MyD88-dependently produced IL-12/IFN-y for P.
acnes-induced sensitization to LPS. In contrast, IL-18
accounts for this liver injury by induction of hepatocy-
totoxic Fas ligand and TNF-a after LPS challenge
[3,10,14-16]. Indeed, IL-18 blockade at LPS challenge
can prevent P. acnes-primed mice that possess dense
hepatic granulomas from this liver injury [10,17] Fur-
thermore, /18 '~ mice normally develop hepatic gran-
ulomas after P. acnes treatment, but can evade liver
injury after LPS challenge [11]. Thus, it is very impor-
tant to reveal the mechanism how IL-18 is released in
response to LPS. We and others previously reported
that IL-18, like IL-1B, is produced as biologically inac-
tive precursor {pro) and becomes active after cleavage
by caspase-1 [18-21]. Caspase-1 is also produced as
inactive zymogen and needs appropriate stimuli to
become active. However, it is unclear how TLR4 sig-
naling activates caspase-1 for IL-18 release and which
cell type is mainly involved in IL-18 release in vivo.

Accumulated lines of evidence demonstrated that
Nalp3 inflammasome is important for actlvatlon of cas-
pase-1 [22]. Here we first showed that Tnf mice, but

-372 -

not Myd88'/ ~ mice, develop hepatic granulomas after
P. acnes treatment but that both genotypes of mice evade
the liver injury following LPS challenge. Myd88”/ -
Kupffer cells as well as WT Kupfler cells could secrete
IL-18 in response to TLR4 agonist [8], while Trif” ~cells
could not, suggesting that the TLR4/TRIF—Slgnahng
actlvates caspase-1. Furthermore, Nalp3 mice, like
Tr f mice, could not increase serum IL-18 or develop
liver injury after P. acnes pretreatment and subsequent
LPS challenge. Thus, the TLR4/TRIF signaling
induces liver injury by Nalp3-dependent activation of
caspase-1.

As named inflammasome, this component plays a
critical role in induction of inflammation through cas-
pase-1 activation [22,23]. Production of IL-18 and IL-
1B is principally dependent on caspase-1 activation,
and levels of these cytokines are tightly associated with
severity of inflammation [22,23]. TLR delivers signals
via two distinct pathways. MyD88-dependent signal is
for induction of host defense and liver regeneration. In
contrast, TRIF-dependent signal induces inflammation
via activating caspase-1. Therefore, it is conceivable that
IL-18 released by Kupffer cells/hepatic macrophages is
profoundly involved in the development of liver injury
initiated by the TLR4 engagement.

2. Materials and methods

2.1. Mice

Trif™ /= mice [24 on a C57BL/6 (B6) 129 background were back-
crossed with B6 mice ten times and more. Myd8§8~/~mice {25] and
Na1p3 ~ mice {26] on a B6 background were described elsewhere.
P2x7r~'~ B6 129 mice from Jackson Laboratory were back-crossed
with B6 mice, and F3 littermates were used. B6 mice were purchased
from Clea Japan (Osaka, Japan). Female mice (8-12 week-old) were
used. All mice were maintained under specific pathogen-free condi-
tions, and received humane care as outlined in the Guide for the Care
and Use of Experimental Animals in Hyogo College of Medicine.

2.2. Reagents

LPS from Escherichia coli (O55: BS) was from Sigma (St. Luis,
MO). Synthetic lipid A (Compound 506) was kindly provided by Dr.
Fujimoto at Osaka University (Osaka, Japan) [8). Heat-killed P. acnes
was prepared [15] Liposome-encapsulated dichloromethylene bis-
phosphonate (clodronate liposome) and PBS liposome were described
elsewhere [27]. Caspase inhibitor z-VAD-fmk was purchased from Pep-
tide Institute (Osaka, Japan) {15} Preparation of monosodium urate
crystal was described elsewhere {28},

2.3. Preparation of Kupffer cells

Kupffer celis (Supplementary method) (4 x 108 cells/well) were
incubated in I ml of opti-MEM (Invitrogen, Calsbad, CA) supple-
mented with 0.001% fetal calf serum and 10 pg/ml of lipid A in a 6-well
plate for 4.5 h. Supernatants and cells were separately collected for
Western blotting analysis or ELISA [8]. In some expenments Kupffer
cells in RPMI1640-based medium [8] (2 x 10°cells/well in a 24
well-plate) were incubated with monosodium urate crystal for 16 h
and supernatants were harvested for measurement of cytokines by
ELISA.
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2.4. Western blotting analysis

Supernatants were concentrated using trichloroacetate {26} The
cell lysate sample was prepared [8]. Molecular sizes of IL-1B and cas-
pase-1 in each preparation were determined by Western blotting [5].
The primary antibodies (Abs) used were: anti-mouse IL-18 Abs (Santa
Cruise) and anti-caspase-1 pl0 Abs (Santa Cruise). Densitometric
analysis for active caspase-l1 of independent experiments was per-
formed {5}, and calculated as follows:

Relative expression of active caspase-1= densitometric data of
active caspase-1 released from stimulated Kupffer cells/those from
unstimulated cells.

2.5. Sequential treatment with P. acnes and LPS

Propionibacterium acnes-primed mice were challenged with 50 pg/
kg of LPS at day 7 {8,17,29). In some experiments, mice were adminis-
tered intravenously with 200 pl of clodronate liposome at —2 and +5
days after P. acnes treatment. In some experiments, P. acnes-primed
mice were additionally administered iv with 200 pg of z-VAD-fimk at
1 h before LPS challenge [15,30]. Sera were sampled for measurement
of cytokine levels by ELISA {8] and of ALT levels (SRL, Tokyo
Japan).

2.6. Immuno-histological analysis

Liver slices were incubated with a battery of anti-F4/80 mAb
(BMA, Augst, Switzerland) and rhodamine-labeled anti-rat IgG [5],
followed by counter-staining with hematoxylin.

2.7. Confocal microscopic analysis

Frozen sections of liver specimens were incubated with F4/80 mAb,
biotinylated anti-rat IgG, and then Alexa Fluor 488-conjugated strep-
tavidin (Molecular Probes). Nuclei were stained by DAPI (KPL, Gai-
therburg, MD). The immunostaining of each section was evaluated
using a laser scanning confocal microscopy (31}

2.8. Statistics

All data are shown as the mean + SD of triplicate samples. Five to
ten mice were used for each experimental group in vivo. Significance
was examined by the unpaired Student ¢ test. p values less than 0.05
were considered significant. Two to three experiments were performed,
and representative data were shown in the figures.

3. Results

3.1. Importance of macrophages for the development of
liver injury with elevated serum IL-18

Since many cell types can produce IL-18 [16], we ana-
lyzed whether macrophage is a major cell source of IL-
18 in P. acnes-primed and LPS-challenged mice. It is
well documented that intravenous administration of
clodronate liposome can eliminate macrophages includ-
ing Kupffer cells [27]. Consistent with our previous
report {11,17], P. acnes treatment induced dense hepatic
granulomas consisting of F4/80™ macrophages (Fig. 1A,
B). A single injection of clodronate liposome could not
abolish hepatic granulomas (Supplementary Fig. 1).

Twice injections could eliminate the hepatic granuloma
formation (Fig. 1C), whereas control PBS liposome
did not reduce it (Fig. 1B, described below). Notably,
clodronate liposome administration inhibited increase
in serum IL-18 (Fig. 1D) and protected against P.
acnes/LPS-induced liver injury (Fig. 1F and G), while
control mice exhibited both of them (Fig. 1D, E and
G). These results demonstrated that macrophages pre-
dominantly contribute to the elevated serum IL-18 and
to the development of liver injury.

3.2. Dispensability of TRIF for hepatic granuloma
Jformation

Propionibacterium acnes-induced hepatic granuloma
is necessary for the liver injury after LPS challenge
(Fig. 1B, C, E, F and G). In fact, naive mice did
not develop liver injury or release IL-18 after LPS
challenge (Supplementary Fig. 2). Thus, P. acnes treat-
ment induces sensitization to LPS in WT mice possibly
by induction of hepatic granuloma formation. Recent
study showed involvement of MyD88 in the formation
of hepatic granuloma [13]. Consistent with this,
microscopic analysis revealed loss of granuloma
formation in Myd88‘/ ~ mice (Fig. 2A and C). In con-
trast, Trif '~ mice possessed comparable hepatic gran-
ulomas (Fig. 2A and B), indicating dispensability of
TRIF.

3.3. Requirement of both TRIF and MyD88 signals for
the development of liver injury

Although it is dispensable for the hepatic granuloma
formation (Fig. 2B), TRIF is necessary for the develop-
ment of P. acnes/LPS-induced liver injury (Fig. 2D, E
and G). Consistently Myd88~'~ mice evaded this liver
injury (Fig. 2F and G). Taken together, these results
clearly demonstrated that both TRIF and MyD88 are
necessary for the liver injury [11,17].

3.4. Both TRIF and MyD88 are required for in vivo
release of IL-18

Next, we investigated whether both genotypes of
mice lack IL-18 release relevant to the liver injury.
C3H/HeJ mice genetically deficient in TLR4 signaling
failed to increase serum IL-18 as compared to the
congenic WT C3H/HeN mice (Supplementary
Fig. 3), confirming LPS used as an accurate ligand
for TLR4. Expectedly, P. acnes-primed Myd88~/~
mice completely lacked the serum elevation of IL-18
after LPS challenge (Fig. 2H). Trif~ = mice, despite
normal hepatic granuloma formation, lacked serum
increase of IL-18 (Fig. 2H), suggesting that TRIF sig-
nal contribute to the liver injury by induction of
release of IL-18.
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Fig. 1. Importance of macrophages for both elevated serum IL-18 and liver injury induced by sequential treatment with P. acnes and LPS. WT mice
administered without (A) or with heat-killed P. acnes (B~G) were challenged without (A-~C) or with LPS (D-G) at day 7. At day —2 and +5, mice were
additionally administered with PBS liposome (PBS, black bars, B, D, E, and G) or clodronate liposome (Clodr, gray bars, C, D, F, and G). Liver
specimens and sera were sampled for analysis of distribution of F4/80" cells (green) (A—C) and histological analysis (E and F), and measurement of IL-18
(D) and ALT (G), respectively. Original magnification; 200x (A-C), 100x (E and F). Arrow indicates hepatic granuloma, and arrowhead shows necrotic
locus.
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Fig. 2. Both MyD88 and TRIF are necessary for the liver injury. Liver specimens and sera were sampled from P. acnes-primed WT (A, D, G, and H),
Trif = (B,E, G, and H), or Myd88~'~ mice (C, F, G, and H) at the indicated time points after LPS challenge for detection of macrophage localization by
staining liver sections with anti-F4/80 mAb (F4/80) (A—C) and histological study (H&E) (D, E, and F), and for measurement of ALT levels (G) and IL-18
concentrations (H), respectively. Arrows indicate hepatic granulomas, and an arrowhead indicates necrotic lesion. Original magnification: 100x.
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3.5. Requirement of caspase-1 for in vivo release of IL-18

Consistent with our previous report showing loss of
serum IL-18 elevation in Caspase-I~/~ mice after
sequential treatment with P. acnes and LPS [20], addi-
tional administration of caspase inhibitor z-VAD at
LPS challenge hampered serum increase of caspase-1-
dependent IL-18 and IL-1B, but completely not cas-
pase-1-independent IL-6, in P. acnes-primed WT mice
(Fig. 3). These results clearly indicated that caspase-1
is activated during the effector phase after LPS
challenge.

3.6. Importance of TRIF, but not MyD88, for the TLR4-
mediated caspase-1 activation

We wanted to know whether TRIF is involved in the
caspase-1 activation after LPS challenge. To verify this
we incubated Kupffer cells with lipid A, an active com-
ponent of LPS and analyzed active caspase-1 in their
supernatant and cell lysate by Western blotting analyses.
Lack of caspase-1 activation in lipid A-stimulated
Tir4~/~ cells demonstrated this lipid A as an appropriate
TLR4 agonist (Supplementary Fig. 4). Consistent with
our previous report [8], Myd88~/~ Kupffer cells exhib-
ited comparable activation of caspase-1 (Fig. 4B and
D). In contrast, Trif 7/~ Kupffer cells could not process
pro-caspase-1 (Fig. 4A and C), indicating importance
of TRIF for the TLR4-mediated caspase-1 activation.
To prove the enzymatic capacity of active caspase-1
we analyzed IL-1B processing. Expectedly, WT Kupffer
cells, but not Tlr4™'~ cells, processed IL-1B after stimu-
lation with lipid A (Supplementary Fig. 4). As they were
severely impaired in pro-IL-1 production, Myd88~/~
Kupffer cells could not release mature IL-1B despite
their normal activation of caspase-1 (Fig. 4B, D and
F). Inversely, Trif 7~ Kupffer cells normally produced
pro-IL-1B but failed in release of mature IL-1 B
Fig. 4A, C and E), clearly indicating that their lack of
IL-1B release is attributable to their impaired caspase-
1 activation (Fig. 4A and C). These results clearly dem-

onstrated importance of TRIF, but not MyD88, for the
TLR4-mediated caspase-1 activation and that the
absence of caspase-1 activation in Trif /™ mice results
in loss of the elevated serum IL-18 and in their escape
from the liver injury.

3.7. Dispensability of endogenous ATP for the
development of liver injury

ATP signaling has been reported to be important for
caspase-1 activation in mouse peritoneal exudate macro-
phages [22,23]. To exclude the possible involvement of
endogenous ATP in the release of IL-18 in vivo, we
investigated whether mice deficient in cell surface ATP
receptor, P2x;R, can evade the IL-18-involved liver
injury [32]. P2x7r~/~ mice exhibited comparable eleva-
tion of serum IL-18 as in WT littermates after sequential
treatment with P. acnes and LPS (Fig. 5A). Further-
more, P2x7r~'~ mice could form the dense hepatic gran-
ulomas (Fig. 5C) and suffered from the liver injury
(Fig. 5E and F) comparably as did P2x7r"~ mice
(Fig. 5B, D and F). In vitro study also revealed that
P2x771~ Kupfler cells exhibit normal caspase-1 activa-
tion and release comparable IL-18 and IL-1B (Supple-
mentary Fig. 5), verifying dispensability of endogenous
ATP signaling. Thus, ATP signaling is not involved in
the IL-18 production or the liver injury.

3.8. Importance of Nalp3 inflammasome

Nalp3 inflammasome is composed of cytoplasmic
sensor, Nalp3 protein, and caspase-1 activation adaptor,
Apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC). Nalp3 inflamma-
some controls caspase-1 activation in various situations
[22]. Furthermore, as previously reported, Asc™/~ mice
lacked the elevation of serum IL-18 and evaded the liver
injury [29]. Therefore, we wanted to know a role for
Nalp3 protein. The elevated serum IL-18 was absent in
Nalp3 ™~ mice (Fig. 6A) despite normal hepatic granu-
loma formation after P. acnes treatment (Fig. 6B and

Serum {L.-18 Serum IL-1§ Serum [L-6
p<0,001 p<0,05
14 14 e T T—
12 12
10 10 1
E 8 8 10
EE :
~ 4 4 5
2 2
1] [ [}
zVAD - + - + - +

NS, not significant

At 6 h post LPS

Fig. 3. Impaired serum increase of IL-1p and IL-18 but not IL-6 by treatment with caspase inhibitor. P. acnes-primed WT mice were administered with
z-VAD 1 h before LPS challenge. At 6 h after LPS challenge sera were sampled for measurement of 1L-18, IL-18, and IL-6.
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Fig. 4. TRIF but not MyD88 is essential for the lipid A-induced
caspase-1 activation in Kupffer cells. Kupffer cells from WT mice (W)
(A-F), Trif "~mice (K) (A, C, and E), or Myd88~'~ mice (K) (B, D and
F) were incubated with lipid A for 4.5 h. Resulting supernatant (Sup) and
cells (Lys) were separately collected. Western blotting for caspase-1
(caspl) or IL-1p (A, B, C and D) and ELISA for IL-1f (E and F) were
performed. Representative data were shown (A, B, E and F). After
densitometric analysis, relative expression of active caspase-1 was shown
of three independent experiments (C and D). Dotted lines indicate control
expression (Ctrl).

C). Furthermore, Na1p3_/ ~ mice, like Asc™/~ mice [29],
were resistant to P. acnes/LPS-induced liver injury
(Fig. 6D and E). Taken together these results clearly
demonstrated that Nalp3 inflammasome is essential for
in vivo release of IL-18 and the resulting liver injury.

4, Discussion

This study clearly demonstrated that MyD88 and
TRIF play distinct roles in the development of liver
injury after sequential treatment with P. acnes and
LPS. MyD88 but not TRIF, presumably in hematopoi-
etic cells [33], is essential for formation of hepatic gran-
ulomas after P. acnes treatment (Figs. 2 and 8).
Inversely, TRIF, but not MyD88, is important for cas-

pase-1 activation perhaps in macrophages (Figs. 4 and
8). The MyD88-dependent hepatic granuloma and the
TRIF-dependent caspase-1 activation for release of IL-
18 are both necessary for the serum elevated IL-18
and the development of liver injury (Fig. 2). Thus,
MyD88 is essential for the priming phase, while TRIF
is important for the effector phase (Fig. 8). Nalp3
inflammasome was activated during the effector phase,
which eventually leading to the liver injury (Fig. 6).

Several possibilities can explain loss of the serum
increase of IL-18 in Myd88”/ ~ mice although their
Kupffer cells have capacity to achieve caspase-1 activa-
tion (Fig. 4B and D). First, dense hepatic accumulation
of macrophages occurs in the WT liver but not in
Myd88~'~ liver after P. acnes treatment. This is consis-
tent with the previous report by Szabo et al. {13]. Indeed,
naive WT mice do not increase serum IL-18 or undergo
liver injury after challenge with the same sublethal dose
of LPS (Supplementary Fig. 2). MyD88-dependently
induced chemokines and/or their receptor might be
involved in accumulation of F4/80" macrophages and
F4/80~ dendritic cells [34]. Second, Kupfler cells/macro-
phages might proliferate after P. acmes treatment
MyD88-dependently. Third, Myd88“/ ~ macrophages
might remain functionally premature. Myd88~'~ mice
poorly produce IFN-y in response to exogenous patho-
gens and perhaps endogenous microbes through poor
production of IFN-y-inducing factors such as IL-12
[1]. As IFN-y is important for priming of macrophages,
M yd88_/ ~ macrophages might not be fully activated by
P. acnes or not become to be susceptible to following
LPS. Fourth, the dose of LPS is different
betweenin vivo and in vitro studies. We used a sublethal
dose of LPS (<50 ug/kg) for in vivo study. Indeed, when
injected with a lethal dose of LPS (>50 mg/kg),
Myd88~'~ mice showed elevation of serum IL-18 (Sup-
plementary Fig. 6). Fifth, the lack of responsiveness to
IL-18 in M. yd88_/ ~ mice might reduce the augmentation
of IL-18 release by Fas/Fas ligand system. IL-18 induces
Fas ligand, which activates macrophages to release IL-
18 via activating their Fas receptor [15]. Thus, MyDg88
signaling renders mice highly susceptible to LPS by
numerical increase of activated macrophages. Even
though they are susceptible to LPS, P. acnes-primed
mice evade the liver injury in the absence of TRIF
signalings.

Our results clearly demonstrated a critical role of the
TLR4-mediated TRIF pathway for activation of Nalp3
inflammasome for caspase-1 activation (Fig. 8). Indeed,
Asc™!~ Kupffer cells could not complete caspase-1 acti-
vation, resulting in the absence of release both I1.-18 and
IL-1B (Supplementary Fig. 7). Thus, it is plausible that
TRIF signaling might activate Nalp3 inflammasome.
However, in spite of our intensive efforts we could not
detect the association between Nalp3 protein and TRIF
or between ASC and TRIF in LPS-stimulated human
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P2x7¢"'~ mice (A, C, E and F) were challenged with LPS, and at the indicated time points sera (A and F) and liver specimens (B—E) were sampled for
measurement of XL-18 concentrations (A) and ALT levels (F). F4/80" cells were determined by immunohistochemistry (B and C). Liver sections were
stained by H&E (D and E). Arrows indicate hepatic granulomas, and arrowheads indicate necrotic lesion. Original magnification: 100 x.
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Fig. 6. Essential role for Nalp3 protein in the development of liver injury. P. acnes-primed WT (A, B, and D) or Nalp3™'~ mice (A, C and E) were
challenged with LPS, and at the indicated time points sera and liver specimens were sampled. Serum IL-18 concentrations (A) were measured, F4/80™ cells
were determined by immunohistochemistry (B and C). Liver sections were stained by H&E (D and E). Arrows indicate hepatic granulomas, and an

arrowhead indicates necrotic lesion. Original magnification: 100x.

monocytic THP-1 cells or THP-1 cells that over-express
TRIF, ASC and Nalp3 proteins. Therefore, although
TRIF cannot interact with Nalp3 inflammasome,
TRIF-mediated signal may activate Nalp3 inflamma-
some by induction of some mediators (cytoplasmic mol-
ecules or metabolites).

Recent reports revealed that Nalp3 inflammasome is
involved in inflammatory tissue damages of several dis-
eases. Self-derived monosodium urate crystal relevant to
gouty arthritis activates Nalp3 inflammasome to release
IL-1B, which eventually initiates joint inflammation [26].
Previously, we also found that murine macrophages can
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Fig. 7. Dispensability of TRIF and MyDS88 for monosodium urate
crystal-induced IL-18/IL-1 P secretion. WT (closed bars), Trif” -
(hatched bars), and Myd88~'~ Kupffer cells (white bars) were incubated
with various doses of monosodium urate crystal for 16 h. Concentrations
of IL-18 (A and C) and IL-1p (B and D) were measured.

secrete both IL-18 and IL-1B in a caspase-1-dependent
manner in response to monosodium urate crystal [28]. In
addition to the aforementioned TRIF-mediated Nalp3
inflammasome activation, we formally succeeded in dem-

Priming phase

onstrating the TRIF-independent Nalp3-dependent cas-
pase-1 activation in Kupffer cells. Myd88~'~ cells and
Trif = Kupffer cells were able to secrete both IL-18 and
IL-1B in response to monosodium urate crystal (Fig. 7).
Therefore, at least two distinct signalings can activate
Nalp3 inflammasome; one is TRIF-dependent pathway
activated by TLR4 agonist and the other is TRIF-inde-
pendent pathway initiated by monosodium urate crystal
(Fig. 8). We need further study to reveal which pathway
is activated by the individual inflammatory stimuli.

In summary, MyD88 and TRIF signalings play a differ-
ent biological role. MyD88 is beneficial for health, such as
homeostatic liver regeneration [S]and host defense [1]. As
shown here, TRIF is necessary for activation of Nalp3
inflammasome for caspase-1 activation. Either single sig-
naling could not induce liver injury. However, simulta-
neous or sequential activation of both signalings cause
harmful outcomes (Fig. 8). Chronic inflammatory diseases
with poorly identified mechanisms might be caused by the
persistent activation of both MyD88 pathway and TRIF-
mediated Nalp3 activation pathway.
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Fig. 8. A proposal model for IL-18-dependent P. acnes/LPS-induced liver injury. After treatment of mice with heat-killed P. acnes, hematopoietic cells
are activated for the formation of dense hepatic granuloma consisting of many F4/80" cells in a MyD88-dependent but TRIF-independent manner
(priming phase). LPS stimulation induces caspase-1 activation and resultant release of mature IL-18 via activating Nalp3 inflammasome in macrophages
in a TRIF-dependent but MyD88-independent manner, which eventually leading to the development of liver injury (effector phase). Nalp3 inflammasome is
also activated by various inflammatory stimuli, such as monosodium urate crystal (MSU), in which neither TRIF nor MyD88 are involved. Therefore,
Nalp3 inflammasome is activated by at least two pathways; TLR-mediated TRIF-dependent pathway and TRIF- and MyD88-independent one.

- 378 -



M. Imamura et al. | Journal of Hepatology 51 (2009) 333--341 341

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
jjhep.2009.03.027.
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Basophils contribute to Ty2-1gE responses in vivo via
IL-4 production and presentation of peptide-MHC
class Il complexes to CD4* T cells

Tomohiro Yoshimoto!2, Koubun Yasudal?, Hidehisa Tanakal2, Masakiyo Nakahira2, Yasutomo Imai'?,

Yoshihiro Fujimori® & Kenji Nakanishil?

Basophils express major histocompatibility complex class 11, CD80 and CD86 and produce interleukin 4 (1L-4) in various
conditions. Here we show that when incubated with IL-3 and antigen or complexes of antigen and immunoglobulin E (IgE),
basophils internalized, processed and presented antigen as complexes of peptide and major histocompatibility complex class Il
and produced IL-4. Intravenous administration of ovalbumin-puised basophils into naive mice ‘preferentially’ induced the
development of naive ovalbumin-specific CD4* T cells into T helper type 2 (Ty2) cells. Mice immunized in this way, when
challenged by intravenous administration of ovalbumin, promptly produced ovalbumin-specific IgG1 and IgE. Finally, intravenous
administration of IgE complexes rapidly induced Ty2 cells only in the presence of endogenous basophils, which suggests that
basophils are potent antigen-presenting cells that ‘preferentially’ augment T2-IgE responses by capturing ISE complex.

Atopic people, after repeated exposure to a particular antigen, develop
strong T helper type 2 (Ty52) responses and produce immunoglobulin E
(IgE). IgE then sensitizes mast cells and basophils by binding to their
FceRI receptor (A000543)!-3. Subsequent exposure to the same
antigen activates the mast cells and basophils to secrete the chemical
mediators, cytokines and chemokines that result in the pathological
reactions of immediate hypersensitivity. IgE is a unique antibody that
upregulates expression of FceRI on mast cells and basophils, thereby
providing a mechanism for the amplification of IgE-mediated reac-
tions®3, Indeed, a strong positive correlation exists between FcgRI
expression on basophils and IgE titers in human peripheral blood®.
Furthermore, as with the inhalation of ragweed pollen, low antigen
dose without adjuvant can induce IgE production, which suggests that
there is an amplification loop for IgE production in vivo. Thus, once
atopic people begin to produce IgE, they develop progressive allergic
inflammation by increasing production of IgE and expression of FceRI
on effector cells.

Basophils and mast cells are important effector cells in IgE-
mediated allergic inflammation!~®, Progenitors of mast cells in the
bone marrow migrate to the peripheral tissues as immature cells and
undergo differentiation in situ’”’. Thus, normally, mature mast cells
are not found in the circulation. In contrast, basophils are rare
circulating granulocytes that originate from progenitors in the bone
marrow, Basophils constitute less than 1% of blood leukocytes and are
normally not present in tissues. However, they may be recruited to

some inflammatory sites where antigen is present and contribute to
immediate hypersensitivity reactions®!!, Studies also suggest that
basophils induce IgE-mediated chronic allergic inflammation and
IgG1-mediated systemic anaphylactic shock!>™™%, Thus, basophils are
primary effector cells in allergic disorders.

However, some lines of evidence have shown that these cells are
important regulators of Ty2 responses in vivo, particularly in
helminth-infected mice’>?°. In general, the entry of an invading
pathogen triggers recognition by dendritic cells (DCs) through
Toll-like receptors (TLRs) and their subsequent maturation to express
costimulatory molecules and produce interleukin 12 (IL-12) and
IL-18, which favor Tyl responses?!2%, In contrast, infection with
helminths strongly induces Ty;2 cells and the proliferation of basophils
in the spleens and livers of host mice!®, which suggests a contribution
of basophils to the induction and/or augmentation of Ty2 responses.
The development of naive CD4* T cells into Ty2 cells is dependent on
IL-4 (A001262) in the milieu?®. However, the nature of cells that
produce ‘early’ I1-4, required for the development of naive CD4"
T cells into Ty2 cells, remains unknown®, 1L-18 with IL-3 or 1L-33
with IL-3 strongly induces basophils but not mast cells to produce
both IL-4 and 1L-13 in vitro?’%8, which suggests basophils are involved
in the induction of Ty2 cells by functioning as early 1L-4-producing
cells. Other published studies have also indicated that basophils are
critically involved in Ty2 responses by their unique ability to produce
early 1L-4 and thymic stromal lymphopoietin in response to papain or
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bromelain?®. Thus, here we studied the mechanism that accounts for
the induction and progression of allergic response by positive feedback
loops between IgE and basophils in vivo. We demonstrate the
contribution of basophils to the Ty2-IgE response in vitro and
in vivo through the production of IL-4 and presentation of complexes
of peptide and major histocompatibility complex (MHC) class 1I to
naive CD4* T cells, in contrast to the Tyl cell-inducing action of DCs.

RESULTS

Basophils induce the development of T2 cells in vifro

We first examined the ability of splenic basophils from naive mice and
mice infected with Strongyloides venezuelensis®® to produce Ty2
cytokines and to induce the development of naive CD4* cells into
Ty2 cells in vitro. We prepared non-T cell, non-B cell fractions from
spleens of naive mice and infected mice and determined the propor-
tion of FceRI*c-Kit™ cells (basophils) in those fractions. Non-T cell,
non-B cell fractions from spleens of naive mice contained 0.20%
FceRI*c-Kit™ cells, whereas those from S. venezuelensis—infected mice
had a much greater proportion of these cells (5.84%; Fig. 1a), as
reported for mice infected with Nippostrrongylus brasiliensis's,
Furthermore, S. venezuelensis—infected mice had a greater proportion
of FceRI*c-Kit" cells (mast cells) in those fractions (0.02% in naive
mice compared with 0.39% in infected mice). We purified basophils
from the spleens of naive mice and infected mice (Fig. 1a) and
examined their production of cytokines and expression of MHC class
II molecules. Splenic basophils from infected mice cultured for 24 h
with IL-3 produced large amounts of IL-4, IL-6 and IL-13, whereas
those from naive mice produced small amounts of these Ty2

a Non-T, non-B cells Sorted b
Naive Sv infected basophils
104
Sorting
__.__) 1
= S A 9 »
3 $8.8.8.8
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Splenic basophils Spienic basophils Blood basophils
'nd (naive) {Sv infected) {naive)

Counts

Figure 1 Splenic basophils induce Ty2 cells in neutral culture
conditions. (a) Flow cytometry analyzing the expression of FceRI and
c-Kit (left and middie) by freshly prepared splenic non-B, non-T cells
from naive mice or mice inoculated for 10 d with S. venezuelensis
(Sv-infected), and further categorization of these cells with a FACSAria
(right; infected cells). Numbers above outlined areas indicate percent
FeeRI*c-Kitcells. Data are representative of four independent
experiments. (b) Bio-Plex analysis of the production of cytokines by
sorted basophils as described in a, cultured for 24 h with 1L-3 (20 U/
ml) in 96-well plates at a density of 1 x 105 cells per 0.2 ml per well.

cytokines, although both types of basophils produced similar amounts
of IL-10 (Fig. 1b). However, the production of IL-17A, interferon-y
(IFN-y) and tumor necrosis factor was low (Fig. 1b). As reported
before??, basophils from infected mice were able to produce 1L-4
without IL-3 stimulation, whereas basophils from naive mice did not
produce IL-4 in the absence of IL-3 in vitro (Supplementary Table 1
online), which suggests that basophils in infected mice gain the ability
to produce substantial IL-4 even in the absence of IL-3. Flow
cytometry of basophils from naive mice and infected mice showed
that they had abundant and comparable expression of MHC class 11
{Fig. 1c). Peripheral blood basophils from naive mice also expressed
MHC class II molecules (Fig. 1c).

As splenic basophils from infected mice expressed MHC class IT and
had the potential to produce substantial IL-4, IL-6 and I1-13 in
cultures containing IL-3, we next examined their ability to induce
ovalbumin (OVA)-specific naive CD4* T cells to develop into
Ty2 cells in vitro in the presence of OVA peptide (amino acids
323-339 (OVA(323-339)), IL-2 and IL-3 without IL-4 (‘neutral’
culture conditions). We simultaneously cultured naive CD4* T cells
with conventional antigen-presenting cells (APCs; T cell-depleted
splenic cell samples (AT-spleen cells)) in the presence of OVA(323—
339) in neutral conditions (Fig. 1d). Splenic basophils from
S. venezuelensis—infected mice showed a notable ability to induce
naive CD4* T cells to develop into Ty2 cells (Fig. 1d). In contrast,
as reported elsewhere?®, conventional APCs failed to induce Tg2 cells
in these neutral conditions, although both types of APC strongly
induced the development of Tyy2 cells in Ty2 conditions (Fig. 1d). We
found that like typical T2 cells that developed in Ty2 conditions
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ND, not detected. Data are representative of two independent experiments (mean and s.e.m. of three mice). (c) Flow cytometry of sorted splenic basophils
from naive mice (left) or S. venezuelensis-infected mice (middle), stained for MHC class 1l molecules (i-A), and of peripheral blood mononuclear cells from
naive mice, stained for MHC class 1| molecules and gated on FceRI*DX5*B220-CD3- cells (right). Filled histograms, markers; lines, unstained cells. Data are
representative of two independent experiments with five mice. (d,e) Flow cytometry analyzing cytosolic IL-4 and IFN-y in naive splenic DO11.10 CD4*CD62L+
Teells (1 x 10 cells per ml) stimulated for 7 d in 48-well plates with 1L-2 (100 pM), IL-3 (20 U/ml) and OVA(323-339) (1 uM) in the presence of
irradiated BALB/c AT-spleen cells or irradiated splenic basophils (5 x 105 cells per mi each) from S. venezuelensis-infected mice (d) or naive mice (e),

with (T;;2) or without (Neutral) [L-4 (1,000 U/ml), then washed and recultured for 4 h with the phorbo! ester PMA (50 ng/ml) plus ionomycin (0.5 ug/ml).
Numbers adjacent to outlined areas indicate percent IL-4* or IFN-y* cells gated on CD4* T cells. Data are representative of three independent experiments.

NATURE IMMUNOLOGY VOLUME 10 NUMBER 7 JULY 2009

707

- 381 -



© 2009 Nature America, Inc. All rights reserved

&

Basophils

Counts

o
AT-spleen E
Q

cells ©

S A
$8.8.8.8

FITC-CD40
b Human basophils c

0
S A 4 5 b
NENINENEN
FITC-CD80

e CD4* T cells + OVA(323-339) +
AT-spleen cells Basophils

10*
101
Neutral 102
10

LA X S5
S 8888

S A 2 2 &
Se88.8.8

Figure 2 Bone marrow~derived basophils induce Ty2 cells in neutral culture conditions. (a) Staining for
surface markers on bone marrow-derived and flow cytometry—sorted basophils (Supplementary Fig. 2a)

and AT-spleen cells. Filled histograms, markers; lines, unstained celis. (b) Flow cytometry analyzing the
expression of c-Kit and CD203c by CD34* cord blood cells cultured for 7 d with human {L-3 (10 ng/ml;
left), and of HLA-DR expression by CD203c*c-Kit™ cells among those cells (right). Numbers above outlined
areas indicate percent cells in each. (¢) Expression of HLA-DR and CD203c by negatively enriched

human peripheral blood mononuclear ceils analyzed immediately after preparation (~ IL-3) or 24 h after -
incubation with human 1L-3 (10 ng/ml; + |L-3). Numbers above outlined areas indicate percent HLA-DR*
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cells gated on CD203c* cells. (d) Wright-Giemsa staining (left) and electron microscopy (right) of sorted

CD203c*HLA-DR* cell populations. Original magnification (left), x 100; scale bar (right), 1 um. (e,f) Flow

IL-4

cytometry of naive splenic DO11.10 CD4*CD62L* T cells (1 x 10 cells per ml) stimulated and analyzed as described in Figure 1d, with irradiated
AT-spleen cells, purified bone marrow-derived wild-type (WT) or IL-4-deficient (G4/G4) basophils or wild-type splenic DCs as APCs. Data are representative

of three or four independent experiments.

(Fig. 1d), Ty2 cells that developed after culture of naive CD4" T cells
together with basophils in neutral culture conditions (Fig. 1d) pro-
duced 1L-4, IL-5, IL-6, IL-10 and IL-13 (Supplementary Fig. la
online), which suggested that these were true Ty2-polarized cells.

Next we assessed whether basophils from naive mice were also able
to induce the development of Ty2 cells in vitro. We found that those
splenic basophils also had a potent Ty2 cell-inducing function
(Fig. le). As expected, some of the Ty2 cells induced in neutral
conditions (Fig. 1d) expressed T2 cell marker IL-33Ro®! (Supple-
mentary Fig. 1b) and increased their production of Ty2 cytokines
other than IL-4 when challenged with antigen plus 1L-33 in vitro
(Supplementary Fig. 1c).

Bone marrow basophils induce Ty2 cells in vitro

We next examined the ability of highly purified bone marrow
basophils (Supplementary Fig. 2a online), devoid of other potential
APCs, to induce T2 cell development in vitro. We first examined their
expression of MHC class I molecules and the costimulatory molecules
CD80 and CD86 (Fig. 2a). We simultaneously examined the expres-
sion of these molecules by conventional APCs. Bone marrow—derived
basophils and conventional APCs expressed MHC class II, CD80
and CD86 but not CDllc. Basophils also expressed the lymph
node-homing molecule CD62L, which suggested their potential
to enter into lymphoid tissues®2. As reported before®, a fraction
of human immature basophils (CD203¢*¢c-Kit™) derived from cord
blood expressed HLA-DR (18.9%; Fig. 2b). Although immature
basophils decrease their expression of HLA-DR after maturation™,
we found mature peripheral blood basophils re-expressed HLA-DR

708

after being cultured for 24 h with I1L-3 (Fig. 2c,d and Supplementary
Fig. 2b). In contrast, mouse peripheral basophils that expressed MHC
class II failed to increase this expression in IL-3-containing medium
(Supplementary Fig. 2c).

We compared the ability of conventional APCs and basophils to
induce Ty2 cell development in vitro in neutral and Ty2 conditions
(Fig. 2e). In the absence of any other APC, bone marrow-derived
basophils were able to induce naive CD4* T cells to develop into Ty2
cells in neutral culture conditions as described above (20.7%), whereas
conventional APCs induced Ty2 cells only in Ty2 conditions
(Fig. 2e). Additional 1L-4 stimulation (Ty2 conditions) resulted in
an only modestly enhanced capacity of basophils to induce T2 cell
development (25.2%; Fig. 2e), which suggests that bone marrow
basophils produce sufficient IL-4 for maximum development of T2
cells. Indeed, basophils from IL-4-deficient G4/G4 mice®* could not
induce the development of Ty2 cells (3.1%) in neutral conditions
(Fig. 2f). However, such IL-4-deficeint basophils did induce Ty2 cells
in Ty2 conditions (39.8%), which allowed us to conclude that
endogenous IL-4 from basophils was essential for the development
of naive CD4* T cells into Ty2 cells. As reported elsewhere?, splenic
DCs induced Ty2 cells only in Ty2 cell-inducing conditions (Fig. 2f).

Basophils puised with antigen-IgE complexes are potent APCs

It was important to demonstrate the ability of basophils to take up and
process OVA protein into OVA(323-339), We used 2,4-dinitrophenyl
(DNP)-conjugated OVA (DNP-OVA) instead of OVA protein in this
experiment and subsequent experiments, as DNP-OVA can also yield
OVA(323-339) after processing. We were able to induce OVA-specific
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Figure 3 IgE complex enhances uptake of OVA by basophils. (a,b) Flow cytometry (as described in Fig. 1d) of naive splenic DO11.10 CDA*CDB2L* T cells

(1 x 10°

cells per ml) stimulated for 7 d with {L-2, {L-3 and DNP-OVA (100 pg/mi; a), or DNP-OVA (6.25-100 ug/mi) with or without IgE anti-DNP

(10 pg/ml; b) in the presence of irradiated AT-spleen cells or bone marrow—derived basophils (5 x 105 cells per ml each). (c) Proliferative responses of naive
splenic DO11.10 CD4A*CD62L* Tcells (5 x 10 cells per 0.2 ml per well) cultured for 4 d in 96-well plates with OVA(323-339) (1 M) or DNP-OVA (D;
6.25-100 pg/ml; in key) with or without IgE anti-DNP (10 pg/ml). *, P < 0.05 and **, P < 0.005, versus cells without anti-DNP IgE (Student's £test).
(d} Cytokine production by bone marrow-derived basophils or mast cells (5 x 105 cells per ml each) stimulated for 16 h in 48-well plates with IL-3 and

DNP-OVA (100 pg/mi) with or without IgE anti-DNP (10

ug/mi). (e) Flow cytometry (as described in Fig. 1d) of naive splenic DO11.10 CD4*CD62L*
Teells (1 x 107 cells per mi) stimulated for 7 d with 1L-2, 1L-3, DNP-OVA (100

pg /ml) and IgE anti-DNP (10 g /ml) in the presence of various numbers

(6.25 x 103 to 5 x 105 celis per mi) of irradiated splenic DCs or bone marrow basophils with 1L-4 (T;2) or without IL-4 {Neutral). Data are representative

of four (a-d) or two (e) independent experiments (mean and s.e.m. in c,d).

Ty2 cells by culturing naive CD4" T cells with basophils in the
presence of I1L-2, IL-3 and DNP-OVA (100 pg/ml) without IL-4
(Fig. 3a). Again, conventional APCs failed to induce the development
of Ty2 cell in these neutral culture conditions (Fig. 3a). Thus,
basophils are able to process DNP-OVA into OVA(323-339) and to
display peptide fragment in association with MHC class II and to
produce IL-4,

It was also important to demonstrate the unique potential of
basophils to increase their capacity to act as APCs when pulsed with
antigen in the presence of antigen-specific IgE. Thus, we pulsed
basophils with various doses of DNP-OVA in the presence or absence
of monoclonal antibody to DNP (IgE anti-DNP; Fig. 3b). Basophils
pulsed with a low dose (6.2 ug/ml) of DNP-OVA modestly induced
Ty2 cells (5.3%), whereas pulsation with a higher dose (100 pg/ml) of
DNP-OVA resulted in a higher proportion of 24.8%. The addition of
IgE anti-DNP resulted in much higher proportions, particularly at
lower concentrations of DNP-OVA (no IgE anti-DNP, 5.3%, 13.9%
and 24.8%, versus with IgE anti-DNP, 23.4% 26.6% and 35.9%, for
6.2 pg/ml, 25 pg/ml and 100 pg/ml of DNP-OVA, respectively;
Fig. 3b). Thus, the enhancing effect of IgE anti-DNP on basophil-
induced Ty2 cell development was most apparent when basophils
were pulsed with low concentrations of DNP-OVA.

We next examined whether IgE anti-DNP could enhance the
capacity of conventional APCs to function as APCs. Thus, we cultured
OVA(323-339)-specific T cells with conventional APCs or basophils
in the presence of OVA(323-339) or DNP-OVA with or without
IgE anti-DNP. Basophils pulsed with DNP-OVA in the presence of

NATURE IMMUNOLOGY VOLUME 10 NUMBER 7 JULY 2009

IgE anti-DNP had a significantly greater capacity to induce the
proliferation of OVA—specific T cells (Fig. 3c). In contrast, conven-
tional APCs pulsed with DNP-OVA in the presence of IgE anti-DNP
did not have a greater capacity to induce T cell proliferation (Fig. 3¢).
These results suggest that basophils, taking advantage of their
expression of FceRl, might efficiently take up low doses of antigen
in an IgE-dependent way,

As reported before®®, basophils had a much greater capacity to
produce IL-4 and IL-13 after being pulsed with DNP-OVA in the
presence of IgE anti-DNP (Fig. 3d). In contrast, mast cells pulsed with
DNP-OVA-IgE anti-DNP immune complexes produced only IL-13,
not IL-4 (Fig. 3d). We prepared basophils and mast cells from bone
marrow cells cultured for 14 d with IL-3 (Supplementary Fig. 2a). We
stimulated those cells with mixture of DNP-OVA and IgE anti-DNP,
Mast cells prepared from bone marrow cells cultured for 4-6 weeks in
medium conditioned by mouse leukemic WEHI-3 cells (containing
IL-3) are reported to produce IL-4 after sequential IgE anti-DNP
sensitization and subsequent DNP-protein challenge®, In addition to
that unique function, we found that only basophils, when stimulated
with IL-3 plus IL-18, IL-33, peptidoglycan or lipopolysaccharide,
produced both 1L-4 and IL-13 (Supplementary Fig, 3ab online).
Thus, basophils became producers of large amounts of IL-4 in
S. venezuelensis-infected mice (Fig. 1b) or in vitro when stimulated
with DNP-OVA-anti-DNP IgE in the presence of IL-3. Next we
compared the APC activity of basophils and sorted CD11c* splenic
DCs* by changing the ratio of APCs to naive CD4* T cells. Again,
only basophils ‘preferentially’ induced the development of Ty2 cells in
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