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the matured or activated effector T cells to the site of Ni
challenge, cytokine production by these T cells, and the
induction of apoptosis in cells such as keratinocytes.
During this sequence of events, two types of regulatory
CD4* T cells have been suggested to exert inhibitory
effects: (a) CD4* Tr1 cells, via the production of IL-10,
and (b) CD4*CD25™ T cells, via cell-to-cell contact with
either effector or naive T cells (see the review by Cavani
[9]). However, we should remember that this hypothesis is
based largely on in vitro experiments, and thus, as pointed
out by Biidinger and Hertl [7], in vivo studies are urgently
needed to test it. Unfortunately, in vivo studies have been
limited by the paucity of adequate murine models of Ni
allergy. Indeed, it has been said that it is difficult to induce
Ni allergy in mice [12]. However, Artik et al. [13] showed
that it was possible to sensitize C57BL/6 mice to Ni
(20 mM) by using 0.6M H,0, as an adjuvant [in contrast
to the use of complete Freund's adjuvant (CFA) in current
guinea-pig models].

Infections, or such bacterial components as lipopoly-
saccharide (LPS), reportedly either confer protection
against allergic disorders or exacerbate them [14-16].
LPS, IL-1, TNF, and CD40 ligands all activate DCs to
mature them [17-20], while LPS stimulates innate immu-
nity via Toll-like receptor 4 (TLR4), and TLRs may modify
adaptive immunity {21]. It has also been reported that
LPS-stimulated DCs act via TLR4 to reduce the suppressive
effect of regulatory T cells [22]. In this regard, it should be
noted that LPS is common in our environment.

Histamine regulates immune responses associated with
T-helper type 1 (Th1) and Th2 cells [23, 24] and modifies
allergic reactions [25-27]. We have reported previously
that a low dose of LPS or IL-1 induces the histamine-
forming enzyme, histidine decarboxylase (HDC), in var-
ious tissues in mice {28, 29]. Although HDC induction by
LPS is poor in those mice with a TLR4 mutation [30], HDC
is fully induced in nude mice (deficient in matured T cells)
[30] and even in mast-cell-deficient mice [31, 32].

Against this background, we designed the present study
to examine (i) the in vivo effects of LPS on the establish-
ment and development of the allergic responses to Ni and
other metal, and (ii) the contributions made to these
allergic responses by T cells, macrophages, IL-1, TNF,
and HDC.

Materials and methods

Animals

BALB/c IL-1 KO mice (deficient in both IL-1a and IL-1f)
and BALB/c TNF-a KO mice (deficient in TNF-o) were
established from original IL- 1o KO, IL-1B KO, and TNF-a
KO mice [33, 34]. C57BL/6 HDC KO mice were established
by Ohtsu et al. [35). Mast-cell-deficient W/W" mice, their
normal litter mate +/+ mice, and BALB/c nude mice were

purchased from SLC (Shizuoka, Japan). Females (6-7
weeks old) were used in the present study. Starting at least
1 week before use, mice were kept in plastic cages {with
a top made of stainless-steel wires), with water available
ad libitum from a glass bottle through a glass tube. All
experiments complied with the Guidelines for Care and
Use of Laboratory Animals in Tohoku University.

Reagents

Escherichia coli 055:B5 LPS (prepared by phenol extrac-
tion), clodronate {dichloromethylene diphosphonate), and
CFA were purchased from Sigma (St. Louis, MO, USA),
while CrCl,, CoCl,, NiCl,, PdCl,, and AgNO; were from
Wako Pure Chemical Ind. (Osaka, Japan). LPS and metal
salts (except AgNQO;) were dissolved in sterile saline.
AgNO; was dissolved in sterile 0.1 M phosphate buffer
(pH 7).

Sensitization to Ni

An adjuvant, NiCl,, or a mixture thereof was injected
intradermally (i.d.) or intraperitoneally (i.p.) as follows: (1)
i.d. route: an equivolume mixture of NiCl, and LPS
solutions, or of a NiCl, solution and CFA, was injected
i.d. into both the right and left flanks (50 UL each) of mice
that had been anaesthetized with ethyl ether just before
the injections. The concentrations of NiCl, and LPS are
indicated in the relevant experiments. (2) i.p.—i.d. route:
LPS was injected i.p. (0.25mL/mouse), and 5min later
NiCl, was injected i.d. into both the right and left flanks
(50 uL each). (3) i.p. route: an equivolume mixture of a
metal salt solution and an LPS solution was injected i.p.
(0.25 mL/mouse), the concentrations being indicated in
the relevant experiments. In some parts of this paper, we
used an equivolume mixture of 1 mm NiCl, (or 1 mm of
another metal salt) and 1 pug/mL LPS (0.25 mL/mouse, i.p.)
as a standard sensitizing solution, abbreviated as SSS-Ni
(or SSS-metal).

Provocation of ear swelling

At various intervals (days) after a sensitizing injection, a
metal salt solution or an equivolume mixture of a metal
salt solution and an LPS solution was given as a challenge
by i.d. injection into the left and right pinnas near the root
of the ear (20 uL each ear). The concentrations used are
indicated in the relevant experiments. Saline was injected
(20puL, i.d) as a control for the challenging injection.
However, this saline injection produced no significant ear
swelling (so, these data are not shown in some figures).
Mice were anaesthetized with ethyl ether just before the
challenging injection. Ear swelling was measured at a site
2-3mm distant from the challenge site at the indicated
times (using a Peacock dial thickness gauge; Ozaki MFG
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Co. Ltd, Tokyo, Japan), and the induced difference (after
vs. before the challenge) was recorded.

Depletion and detection of macrophages

Clodronate-encapsulated liposomes (Clo-lip) selectively de-
plete phagocytic macrophages [36). As described previously
[37, 38], a suspension of Clo-lip was intravenously injected
into mice, and depletion of macrophages was confirmed by
immunostaining of liver using an F4/80 antibody.

Assay of histidine decarboxylase activity in ears

The ears were removed after decapitation, and HDC activity
was assayed using our previously described method [32,
39]. HDC activity is expressed as nanomaoles of histamine
formed during a 1-h period of incubation by the enzyme
contained in 1 g (wet weight} of tissue (nmol/h/g).

Flow cytometry

Flow cytometric analysis was performed using a FACSca-
libur flow cytometer and CELLQuest software (BD Bio-
sciences, San Diego, CA, USA). Murine spleen cells were
incubated on ice for 30 min with fluorescein isothiocya-
nate (FITC)-conjugated anti-mouse CD8a monoclonal
antibody (clone 53-6.7, rat IgG2a; BD Biosciences) and r-
phycoerythrin (R-PE)-conjugated anti-mouse CD4 mono-
clonal antibody (clone H129.19, rat IgG2a; BD Sciences).

Statistical analysis

Experimental values are given as the mean %+ standard
deviation (SD). The statistical significance of differences
was analysed using an analysis of variance (anova), with a
Bonferroni's multiple-comparison test performed post hoc
(InStat software). P-values less than 0.01 were considered
to indicate significance.

Results

Comparison of adjuvant effects of complete Freund's
adjuvant, H,0,, and lipopolysaccharide

In these experiments, a 5 mm NiCl, challenge was deliv-
ered at 10 days after a sensitizing injection (i.d. or i.p.). {i)
i.d. injection of a mixture of an adjuvant and NiCl,. An
equivolume mixture of an adjuvant (saline, CFA, 0.6M
H,0,, or 10pg/mL LPS) and 4 mM NiCl, was injected i.d.
into both the right and left flanks in BALB/c mice.
Saline+NiCl, was ineffective in inducing ear swelling
(Fig. 1a), and it produced no detectable lesions at the
injection sites. The adjuvant effect of CFA was negligible
(Fig. 1b), although it produced keloidal lesions at the
injection sites in all mice. Incidentally, when CFA was
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Fig. 1. Effects of intradermally (i.d.)-injected lipopolysaccharide (LPS),
complete Freund's adjuvant (CFA), and H,0, on sensitization to Ni in
BALB/c mice. An equivolume mixture of NiCl, (4 mM) and an adjuvant
{(a) saline, (b) CFA, (c) H,0, (0.6 M), or (d) LPS (10 pg/mL)] was injected i.d.
into both the right and left flanks (50 uL each) of BALB/c mice. In the

_ experiment shown in (e), NiCl, (2 mM) was injected i.d. into right and left

flanks of BALB/c mice 5 min after i.p. injection of various concentrations
of LPS. In all experiments (a-e), each ear was challenged with 5 mm NiCl,
(20 L) at 10 days after sensitization. Each value is the mean + standard
deviation (SD) from three mice (i.e. n = 6 ears). In (e}, to reduce complex-
ity, mean values are shown without SD. *P < 0.01 vs. time 0. Each
experiment (a-e) was repeated a further two times, and the results
obtained were similar to those shown.

mixed with 40 mM NiCl,, marked ear swelling occurred in
C57BL/6 mice too (Figs 7b and c). The adjuvant effect of
H,0, was significant (Fig. 1c), but variable, and it too
produced keloidal lesions at the injection sites. In contrast,
LPS displayed powerful adjuvant activity (Fig. 1d) without

- producing detectable lesions at the injection sites. (ii) i.p.

injection of LPS and i.d. injection of NiCl,. Next, we
examined the adjuvant effect of i.p.-injected LPS. Soon
(5 min) after i.p. injection of LPS (at various concentra-
tions), NiCl, (2mM) was injected i.d. into both the right
and left flanks in BALB/c mice {Fig. 1e). LPS displayed
dose-dependent adjuvant activity, and it was effective
even at 0.1 pg/mL. (iii} i.p. injection of a mixture of LPS
and NiCl,. i.p. injection of NiCl, alone at 20 mM made mice
moribund within a few hours, and some died within 24 h,
while others recovered after 48 h. At 10 mm, NiCl, reduced
the movement of mice within 30 min, and although some
fell into a moribund state within a few hours, they
recovered after 24 h. The sensitizing effect of NiCl, alone
was significant at 10 mm, but not at 5mm (Fig. 2a),
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Fig. 2. Effects of intraperitoneal (i.p.) injection of lipopolysaccharide
(LPS)+NiCl, on sensitization to Ni in BALB/c mice. (a) Saline or NiCl,
(5 or 10 mm) was injected (0.25 mL, i.p.). (b} An equivolume mixture of
1 mm NiCl, and LPS (0.01-1 pg/ml) was injected (0.25mL, i.p.). (c) An
equivolume mixture of NiCl, (0.04-1 mm) and LPS (1 pg/mL) was injected
{0.25 mL, i.p.). In {a—c), each ear was challenged 10 days later with 5 mm
NiCl, (20 pL). Each value is the mean + SD from four mice (i.e. n=8).
*P < 0.01 vs. time 0. Each experiment was repeated a further two times,
and the results obtained were similar to those shown.

although the ear-swelling responses varied markedly from
mouse to mouse. Injection of an equivolume mixture of
LPS (0.01-1 pug/mL) and 1 mm NiCl, induced ear swelling
in a manner that depended on the concentration of LPS
(Fig. 2b). An equivolume mixture of 1pg/mL LPS and
NiCl, induced slight, but significant, ear swelling at 48h
at 0.2mM NiCl, (Fig. 2¢). Under these conditions, the
activity of the mice was normal and they seemed healthy.
In the following experiments, we sensitized mice by an i.p.
injection of SSS-Ni (see ‘Materials and methods’). Inci-
dentally, when BALB/c mice were challenged with 5 mm
NiCl, at 4, 7, 10, or 14 days after sensitization with SSS-
Ni, both the magnitude and the time course of the
ear swelling were similar among 7, 10, and 14 days,
whereas the challenge at 4 days induced no detectable
ear swelling (data not shown)}.

Effects of lipopolysaccharide at the time of Ni challenge

In mice sensitized with SSS-Ni {i.p.), the magnitude of the
ear-swelling response depended on the concentration of
the challenging NiCl, (Fig. 3a), with 0.08 mM or more of
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Fig. 3. Effects of lipopolysaccharide (LPS) at the time of Ni challenge
in BALB/c mice. At 10 days after SSS-Ni injection (see text), ears were
challenged with 20puL of (a) an equivolume mixture of NiCl,
(0.08-10mm) and saline or (b} an equivolume mixture of NiCl,
(0.08-10mm) and LPS (1 pg/mL). To reduce complexity, mean values
(from four mice, i.e. n=8) are shown without standard deviation.
*P < 0.01 vs. time 0. Each experiment was repeated a further two times,
and the results obtained were similar to those shown.

NiCl, inducing significant ear swelling. Incidentally,
in the H,0, model employed by Artik et al. [13], mice are
challenged with a much higher concentration (10 mm) of
NiCl,. Surprisingly, when we combined LPS with the
challenging NiCl, (i.e. when we used an equivolume
mixture of NiCl, and 1 pg/mL LPS), maximal ear swelling
(even at 0.08 mM NiCl,) occurred at as early as 4-12 h, and
the swelling lasted for a long time (Fig. 3b).

Involvement of innate immunity in Ni allergy in mice

In the following experiments, mice were treated with SSS-
Ni (i.p.) and challenged with 5 mM NiCl,. This Ni allergy is
hereafter termed ‘Ni(+LPS) allergy’. We obtained the
following results. (i) Unexpectedly, Ni(+LPS) allergy was
fully induced in nude mice (Fig. 4a). We confirmed that
nude mice mostly lack CD4* T cells and CD8" T cells (Fig.
5). (ii) Unlike in control C3H/HeN mice, Ni(+LPS) allergy
was negligible in C3H/HeJ mice with a mutant TLR4
(Fig. 4b). (iii) Ni(+LPS) allergy was very weak in macro-
phage-depleted mice (— M¢) (Fig. 4c). (iv) Interestingly,
IL-1 KO mice were resistant, but TNF-o« KO mice were
sensitive to Ni(+LPS) allergy (Figs 4d and e). (v} In
C57BL/6 mice, ear swelling developed more rapidly
(reaching peak at 24 h) and was of a greater magnitude
than in the other mice (Fig. 4f).
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Fig. 4. Induction of Ni[+lipopolysaccharide (LPS)] allergy in (a) athymic
(nude) BALB/c and control BALB/c mice, (b) TLR4-mutant C3H/HeJ and
control C3H/HeN mice, (c) macrophage-depleted BALB/c and control
BALB mice, (d) iL-1 KO BALB/c and control wild-type (WT) BALB/mice,
(e) TNF-a KO BALB/c and control WT BALB/c mice, and (f) C57BL6 mice.
Note different ordinate scale in (f). Mice were treated with SSS-Ni (in f,
an SSS-Ni containing 10 pg/mbL LPS was also used), and 10 days later
their ears were challenged with 20 pL of 5 mm NiCl,. In (c), SSS-Ni was
given 24h after Clo-lip injection. Each value is the mean = standard
deviation from four mice (i.e. n=8). P < 0.01 and vs. control or WT
mice. Each experiment was repeated a further two times, and the results
obtained were similar to those shown.

Involvement of histamine in Ni(+ LPS) allergy

(i) Ni(+LPS) allergy in mast-cell-deficient mice. W/W"
and +/+ mice were treated with SSS-Ni (i.p.), and 10 days
later their ears were challenged with NiCl,. However, as
ear swelling was very slight in both +/+ and W/W" mice
(data not shown), they were again treated with SSS-Ni
(at 12 days after the first SSS-Ni injection), and 10 days
later again challenged with NiCl,. This time, both +/+
and W/W" mice exhibited marked ear swelling (Fig. 6a).
Unexpectedly, the ear swelling lasted much longer in
mast-cell-deficient W/WY mice.

(i) Contribution of HDC to Ni(+LPS) allergy. In contrast
to our finding in W/W" mice, the Ni(+LPS) allergy was
markedly weaker in HDC KO mice than that in their
control (wild-type C57BL/6 mice) (Fig. 6b). In BALB/c
mice, HDC activity in the ears increased roughly in
parallel with the development of ear swelling (Fig. 7a), as
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Fig. 5. Flow cytometric analysis of T cells in the spleen in control and
nude BALB/c mice {see ‘Materials and methods’). Similar results were
obtained in one additional experiment.

it did in C57BL/6 mice sensitized (i.d.) with CFA+40 mmMm
NiCl, (Fig. 7b). Moreover, ear swelling and HDC activity
each showed dependence on the concentration of NiCl,
used for the challenge (Fig. 7c). These results indicate that
HDC activity in the ear correlates with ear swelling,
irrespective of differences in adjuvant or strain of mice.

Sensitization to other metals

BALB/c mice were treated (i.p.) with an equivolume
mixture of 1 pug/mL LPS (or saline) and 1 mm CrCl,, CoCl,,
PdCl,, or AgNO;, and 10 days later their ears were
challenged with 5mM of the same metal salt. LPS was
effective at sensitizing the mice to each of these metals
(Figs 8a-d), with Pd inducing the greatest ear-swelling
response. Like Ni(+LPS) allergy, Pd(+LPS) allergy was
weak in IL-1 KO and HDC KO mice, but was fully induced
in TNF-o KO mice (Figs 8e and f).

Discussion

Adjuvant effects of lipopolysaccharide

CFA is used as an adjuvant to sensitize guinea-pigs to Ni
[40], while H,0, (0.6 M) is used as an adjuvant to sensitize
C57BL/6 mice to Ni [13]. In these models, CFA and H,0,
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Fig. 6. [nduction of Ni allergy in histamine-deficient mice: (a) mast-cell-
deficient W/W" and their normal litter mate +/+ mice, and (b) HDC KO
C57BL/6 and control wild-type (WT) C57BL/6 mice. Mice were treated
with SSS-Ni, and 10 days later their ears were challenged with 20 pL of
5mm NiCl,. Although a challenge at 10 days induced only minor ear
swelling in both +/+ and W/W" mice {data not shown), marked ear
swelling was observed following a second sensitization and challenge,
as shown in this figure (see ‘Results’ for details). Each value is the
mean + standard deviation from four mice (i.e. n=8). ‘P< 0.01 vs. +/+
or WT. Each experiment was repeated a further two times, and the results
obtained were similar to those shown.

are applied topically to the skin, and the range of Ni
concentrations employed for sensitization is 20-200 mm.
However, we noted that both CFA and H,0, (0.6 M) are
very injurious to mice. The present study indicates that
LPS is a potent adjuvant for the sensitization of mice to
Ni (even when a NiCl, concentration of 1 mM or less is
employed) without producing any detectable lesions at the
injection sites. Further, we found that id., ip. or
i.p.-i.d. injection of LPS+Ni easily sensitizes mice to Ni.
In preliminary experiments, we observed that LPS ob-
tained from Prevotella intermedia (an oral bacterium) (1 p
. g/mlL) was also active as an adjuvant (data not shown).

This is potentially important as surgical dental procedures
and daily oral hygiene procedures can expose us systemi-
cally to oral bacteria [41], and the LPS produced in oral
tissues may be transported easily to extraoral tissues [42].
Interestingly, LPS (from Escherichia coli) promoted sensi-
tization to all the metals tested (Cr, Co, Pd, and Ag). In
addition, it augmented ear swelling when injected at the
time of the Ni challenge. These results suggest that in real
life, LPS may be a factor promoting metal allergy via
various routes.
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Fig. 7. Elevation of histidine decarboxylase (HDC) activity in the ears
following Ni challenge in BALB and C57BL/6 mice. (a} BALB/c mice were
divided into five groups (four mice per group), and then treated with S§S-
Ni {i.p.). (b) C57BL/6 mice were divided into four groups and sensitized
with an equivolume mixture of complete Freund's adjuvant (CFA) and
NiCl, (40 mm), which was injected i.d. into both right and left flanks
(50 uL each). (c) C57BL/6 mice were divided into four groups and
sensitized with an equivolume mixture of CFA and NiCl, (40 mm), which
was injected i.d. into both the right and left flanks (50 pL each). Ears were
challenged 10 days later with 20 uL of 5mm (a), 10mm (b}, or various
concentrations (c) of NiCl,, and ear swelling was measured at the
indicated times (a and b) or at 48 h {c) after the Ni challenge. Just after
measurement of ear swelling, the mice were decapitated and their ears
removed for the assay of HDC activity. Each value is the mean =+ standard
deviation from four mice (i.e. n=8 for ear swelling and n=4 for HDC
activity). *P < 0.01 vs. time 0 or dose 0. Each experiment was repeated a
further two times, and the results obtained were similar to those shown.

Contribution of T cells

As described in ‘Introduction’, T cells are believed to play
critical roles in the establishment of Ni allergy. However,
Ni(+LPS) allergy occurred fully in nude mice (mostly
lacking mature T cells}, suggesting that T cells may not be
essential (or possibly that very low levels of T cells are
sufficient) for the establishment of Ni allergy. However,
we cannot exclude the possibility that in mice, Ni(+LPS)
allergy is a different type of allergy from the so-called Ni
allergy. C57BL/6 mice are Thl-dominant mice, whereas
BALB/c mice are Th2 dominant [43]. Ear swelling was
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Fig. 8. Induction of allergies to metals other than Ni. (a-d) Lipopolysac-
charide (LPS)-induced sensitization of BALB/c mice to other metals
(CrCl,, CoCl,, PACl,, or AgNO,). Saline alone, an equivolume mixture of
saline and 1 mm of a metal salt, or an equivolume mixture of 1 pg/mlL of
LPS and 1 mm of a metal salt was injected into BALB/c mice [0.25 mL/
mouse, intrapritoneal (i.p.}]. Ten days later, ears were challenged with
5mM of the same metal salt (20 plL/ear). Each value is the mean = stan-
dard deviation (SD) from four mice (i.e. n=8). *P < 0.01 vs. saline+
metal. (e and f} Pd(+LPS) allergy in IL-1 KO mice, TNF-a KO mice, and
HDC KO mice. These mice and their control wild-type (WT) mice were
injected i.p. with an equivolume mixture of 1 pg/mL LPS and 1 mm PdQl,.
Ten days later, ears were challenged with 5 mm PdCl, (20 pL/ear). Each
value is the mean 3 SD from four mice (i.e. n=8). P < 0.01 vs. WT. Each
experiment was repeated a further two times, and the results obtained
were similar to those shown.

more rapid and of greater magnitude in C57BL/6 than in
BALB/c mice, although the difference was not marked,
suggesting that Thl immune responses may contribute
more to Ni(+LPS) allergy. Be that as it may, careful studies
will be required to evaluate the contribution made by
T cells to Ni(+LPS) allergy in mice.

Contribution of innate immunity

In contrast to our finding in nude mice, Ni(+LPS) allergy
was very weak both in C3H/HeJ mice and in macrophage-
depleted mice, suggesting that TLR4 and macrophages are
important in the establishment of Ni allergy. IL-1 and TNF
are produced by various immune-competent cells and
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share many biological activities [44]. The major difference
between them is that IL-1 shares TLR4-signal cascades,
whereas TNF stimulates apoptotic cascades. Interestingly,
IL-1 KO mice (but not TNF-a KO mice) were resistant to
the establishment of Ni(+LPS) allergy. Pd(+LPS} allergy
was also very weak in IL-1 KO mice. These results support
the idea that innate immunity is essential for the estab-
lishment of metal allergies, and also that TLR- or
IL-1-related innate signals are more important than TNF-
related signals for metal allergies.

Roles of histamine

Although histamine levels in the tissues (such as skin) are
lower in W/W" mice than in either +/+ or BALB/c mice
[31, 32], HDC is normally induced in various tissues in W/
WY mice in response to LPS or IL-1 [32]. In W/W" mice, the
ear-swelling response to Ni was not only fully induced, but
lasted much longer than that in control +/+ mice. Hista-
mine levels in HDC KO mice are very low [45], and we
confirmed that we could not detect HDC activity
in their tissues even after LPS injection (data not shown).
In contrast to the situation in W/W" mice, Ni(+LPS) allergy
was markedly lower in HDC KO mice than in their control
mice. Further, HDC activity increased in the ears of both
BALB/c and C57BL/6 mice in parallel with the swelling
(Fig. 7). Pd(+LPS) allergy was also very weak in IL-1 KO
mice. NC/Nga mice develop dermatitis in conventional (but
not in specific pathogen-free) eénvironments [46], and we
previously reported that HDC activity increases in their skin
in parallel with the development of the dermatitis [47]. As
described in Introduction, histamine modifies Th1 and Th2
responses. Although, as is well known, mast cells store
histamine and release it upon stimulation by allergens, cells
other than mast cells also release histamine through HDC
induction in response to inflammatory stimuli [including
LPS and inflammatory cytokines (such as IL-1, TNF, IL-12,
and IL-18)] [29, 48-50]. These results suggest that the
histamine newly formed following HDC induction in non-
mast cells (via TLRs or cytokines) may be involved in the
establishment of Ni(+LPS) allergy. However, it remains to
be clarified whether the newly formed histamine is in-
volved in the course of sensitization or in the elicitation of
inflammation, and whether histamine acts on blood vessels
(inducing plasma extravasation} [45] or on immune-
competent cells [23, 24].

Comparison with classical contact hypersensitivity models

Unlike the classical haptens (such as dinitro- or trinitro-
phenyl derivatives), which covalently modify self-
proteins, metal ions produce reversible complexes with
unidentified self-proteins [8]. Hence, it is possible that the
mechanism underlying contact hypersensitivity (CHS)
may differ between that induced by metals and that
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induced by the classical haptens [8]. The present findings
highlight some similarities and dissimilarities between these
two types of CHS responses as follows: our results suggest
that TLRs are important in metal allergies. Similar promoting
effects of TLR ligands (such as TLR7 and TLR9 ligands) have
been reported in models entailing CHS induction by the
classical haptens, and in these models TLR ligands enhance
the antigen-presenting functions of dendritic cells (via up-
regulation of HMC class II, CD80, and CD86 molecules or an
enhanced production of IL-12) [51-53]. In addition, IL-1p has
been implicated as an important player in the classical
hapten-induced CHS responses (as both mice treated with a
neutralizing antibody to IL-1B and mice deficient in IL-1B
display impaired CHS responses) [54, 55). Moreover, it has
been reported (a) that activation of caspase-1 (the enzyme
converting pro-IL-1p to IL-1) via NALP3 (a member of the
Nod family} is essential for the classical CHS responses [56,
57], and (b) that NALP3 is required for caspase-1 activation
in TLR-stimulated macrophages [57]. However, in contrast to
metal(+LPS) allergies, the CHS induced by the classical
haptens is reported to be similar or more severe in HDC KO
mice than in WT mice [45, 58]. Although at present we have
no data to help explain this difference, it is likely that the CHS
models induced by the classical haptens involve a mechan-
ism different from that involved in metal(+LPS) allergies.

Conclusion

In conclusion, we found LPS to be a potent adjuvant in
mice for the establishment of allergic responses to Ni and
to some other metals. LPS also promoted the development
of allergic responses when given at the time of challenge.
Metal(+LPS) allergies may depend both on innate immu-
nity and on the de novo formation of histamine (via HDC
induction) in non-mast cells. We need further careful
studies, using in vivo models, to assess the contribution
made by T cells to the establishment of allergies to Ni and
other metals. Interestingly, O'Leary et al. [59] have re-
cently reported that natural killer cells can mediate
allergies induced by classical haptens.
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Abstract

Background: Previous findings suggest that antigen chal-
lenge (AC) may induce histidine decarboxylase (HDC} in cells
other than mast cells (MCs) via MC-derived IL-1. We exam-
ined this hypothesis. Methods: Mice were sensitized to ov-
albumin. After the sensitization, an AC was delivered intra-
venously. Results: In control mice, AC markedly induced
HDC at a postanaphylactic time in the liver, lung, spleen, and
ears. In MC-deficient W/W" mice, AC also induced HDC, al-
though the effect was weaker than in control mice. AC in-
creased IL-1 in the tissues, the pattern being similar in W/WY
and control mice. AC induced HDC similarly in [L-1-deficient
and control mice. In control mice, AC decreased histamine in
the tissues (except the liver) for several hours. Conclusion:
(1) AC induces HDC in both MC-dependent and MC-indepen-
dent ways. (2) AC induces iL-1 mostly in non-MCs, but this
IL-1 is not a prerequisite for the induction of HOC by AC. (3)
HDC induction may contribute to the replenishment of the
reduced pool of MC histamine in the anaphylactic period. (4)
In the case of MC-dependent HDC induction, AC may stimu-
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late MCs in such a way as to induce HDC within the MCs
themselves, and/or AC-stimulated MCs may stimulate HDC
induction in other cells, which will need to be directly identi-
fied in future studies. Copyright € 2007 S. Karger AG, Basel

Introduction

In 1966, Kahlson et al. [1] found that in guinea pigs
and rats, a prolein antigen challenge (AC) accelerates the
rale of histamine formation in a variety of tissues. This
histamine formation occurs slowly alter the phase of ana-
phylaxis. On the basis of these findings, they proposed
that in hypersensilivity reactions, the tissues are exposed
to histamine generated by two different mechanisms
with different time courses, that is an initial brief phase
of histamine release from mast cells (MCs) and a subse-

" quent prolonged phase following its de novo [ormation in

unidentilied cells. Later, Hirasawa et al. [2] supported
thisinteresting hypothesisinastudy using theirair pouch
model of allergic inflammation.

‘The histamine-forming enzyme, histidine decarbox-
ylase (HDC), is induced in response to a number ol in-
fTammatory stimuli {3-5]. For example, lipopolysaccha-
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ride (LPS) and inflammatory cylokines (JL-1a, FL-1f3,
TNF«, 11.-18, and 11.-12) induce 11DC in various tissues
in mice [6-9]. In contrast, hematopoietic cytokines (11.-3,
G-CSF. and GM-CSF) induce HDC only in the hemato-
poietic organs (i.c., spleen and bone marrow) [10, 11]. The
induction of HDC by LPS or [L-1 occurs through the de
novo formation of HDC-mRNA [12]. It has also been re-
ported that HDC is induced in various cell types other
than MCs. For example, [1DC is reportedly induced in
macrophages [13-15] and T lymphocyles in vitro {16]. In
MC-deficient mice, HDC is induced in the skin by phor-
bol 12-myristate 13-acetate [17) and in various tissues by
staphylococcal enterotoxin A [18], carbon tetrachloride
(CCly) [19], or LPS [20, 21]. The major cells in which 11DC
is induced by enterotoxin A and CCl are reported to be
macrophages [18], while those in which it is induced by
LPS have been suggested to be vascular endothelial cells
and granulocylic precursor cells [6, 22, 23].

Kahlson et al. [1] conjectured, without direct evidence,
that the acceleration of histamine formation that occurs
following an AC may take place largely in non-MCs,
while Shiraishi et al. [24] suggested that HDC is induced
in neutrophils in the late phase of local allergic inflam-
mation. Interestingly, recent in vitro studies have demon-
straled that MCs produce not only Th2 cytokines, but
also inflammatoryL‘ylokincs (IL-1 and T'NF«) [25-28].
IL-1 induces 11DC fully in MC-deficient mice, which in-
dicates thatitinduces I1DC in non-MCs [29]. In addition,
Fce receplors have recently been found on various cell
types, including non-MCs such as monocytes, cosino-
phils, Langerhans cells, and neutrophils [30]. Thus, it is
likely that AC induces [1DC in non-MCs (1) via the I1.-1
and/or I'NF produced by MCs and/or (2) via Fce recep-
tors on the non-MCs themselves. In the present study, we
examined this hypothesis using MC-deficient mice (W/
W), their normal littermates (+/+), IL-1-deficient BALB/
¢ mice, and control BALB/c mice. These mice were sen-
sitized to ovalbumin (OVA) and intravenously challenged
with OVA,

Materials and Methods

Animals and Materials

MC-deficient W/W* mice and their normal littermates {1/1
mice) were obtained from SL.C Japan (Shizuoka, Japan), while
BALB/c mice were from the animal facility of our university. 11.-
1-KO BALB/c mice (deficient in both TL-Tec and 1L-113) were es-
tablished from original 11.-1-KO and 1L-18-KO mice [31]. Fe-
male mice (6-10 weeks old) were used for the present study.
Chicken OVA (5% crystallized) was purchased from Seikagaku
Kogyo (Tokyo, fapan). All experiments conformed to national re-

70 Tt Arch Adlergy Tmmunol 20071116978

quirements (Japanese law No. 105, notification No. 6) and com-
plied with the Guidelines for the Care and Use of Laboratory An-
imals in Tohoku University. Experimental protocols, doses of re-
agents, and the numbers of mice are described in the text orin the
legend to the figure relating to each experiment.

Sensitization of Mice and Assessment of Anaphylaxis

A suspension (0.5 ml) containing OVA (50 pg) and alum
(3 mg) was injected intraperitoneally on day 0 and again on day
10. Experiments involving the induction of anaphylaxis were per-
formed on days 20-23. The AC was delivered by intravenous in-
jection (via a tail vein) of OVA dissolved in saline (at the dose
indicated for each experiment). Scores were allocated for shock
signs (piloerection, dyspnea, sluggish gait, paresis, prostration,
and convulsions) at 3-10 min after OVA challenge. Scoring was
as follows: none (0), weak (1), medium (2), strong (3), and death

(1).

Assay of HDC Activity

Briefly, mice were decapitated and tissues rapidly removed at
the indicated times after OVA challenge. Ears were cut off at their
root. HDC activities in the tissues were assaved using our previ-
ously described method [32] with a slight modification [33]. HDC
activity was expressed as nanomoles of histamine formed during
a J-hour period of incubation by the enzyme contained in 1 g (wet
weight) of each tissue (nmol/h/g).

Determination of Histamine

Several drops of blood from each decapitated mouse were di-
rectly collected into a test tube containing 3 ml of 0.4 M HCIO,.
The weight of the bload collected was determined by weighing the
test tube before and after the blood collection. After the collection
of blood, tissues were rapidly removed and kept on dry ice until
needed. The histamine in the blood and tissues was determined
as described previously [33]. The amounts of histamine in the
blood and tissues are expressed as nanomoles of histamine in 1 g
of blood or wet tissue (nmol/g).

Determination of Cytokines in Serum

Blood was collected directly into test tubes following decapita-
tion. Serum was recovered by centrifugation at 2,000 g at 1°C,
then stored at -80°C until used. 11.-1cv and IL-1f3 in the serum
were assayed using ELISA kits from Endogen (Cambridge, Mass.,
USA), while T'NFo was measured using an ELISA kit from Bio-
source (Camarillo, Califl, USA). The assay procedures were per-
formed exactly as described by the manufacturer.

Determination of Cytokines in Tissues

Frozen tissues were homogenized in RPMI 1610 solution con-
taining Iriton X-100, HEPES, bovine serum albumin, gentamicin
sulfate, and proteinase inhibitor cocktail containing 4-(2-amino
ethylibenzenesulfonyl fluoride, aprotinin, leupeptin, bestatin,
pepstatin A, and -6 ]34]. The supernatant oblained by centrifu-
gation (10,000 g for 10 min at 41°C) of the homogenate was then
assayed for each cytokine (IL-1e, 1113, and TN Fa) as described
above.

Data Analysis
Experimental values are given as mean * standard deviation
(SD). "The statistical significance of the difference between two
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Fig. 1. Changes in HDC activity after OVA
challenge to sensitized BALB/c mice. OVA,
z.n 1 mg/kg (a) or 2 mg/kg (b), was injected 0l . = : : .
intravenously, and tissues were laken at o 1 3 5
theindicated times. Each value is the mean
. a fi b i
+ SD of 4 mice. * p < 0.05; ** p<0.01 vs. Time after OVA challenge (h) Time after OVA challenge (h)
time (.

means was evaluated using Student’s unpaired t test or Dunnett’s
multiple comparison test after an analysis of variance (ANOVA).
p values less than 0.05 were considered to be significant.

- Results

11DC Activities following OVA Challenge in BALB/c

Mice

1IDC activities in the blood, liver, lung, spleen, and
ear were very low in both sensitized and nonsensitized
BALB/c mice, and there was no detectable difference be-
tween these two groups (data not shown). An OVA chal-
lenge at 1 mg/kg of sensitized BALB/c mice induced ana-
phylactic shock within 10 min of the challenge (score 1~
2). HDC activity increased in all the tissues tested, and it
peaked at 3-5 h after a 1 mg/kg OVA challenge (fig. 1a).
An OVA challenge at 2 mg/kg induced a more severe ana-
phylactic shock (score 2-3 within 10 min of the chal-
lenge) and produced higher HDC activities (fig. 1b).
There was no detectable HDC activity in the blood at
these experimental times (data not shown). We con-
firmed that OVA (2 mg/kg) did not induce [1DC activity
inany of the tissues tested in nonsensitized mice (data not
shown).

HDC Activities following OVA Challenge in

MC-Deficient W/W" Mice

AC at 1 mg/kg induced fIDC activity in the tissues in
all three types of mice at 4 h after OVA challenge (fig. 2).
A similar magnitude of shock occurred among BALB/c,

Histamine Synthesis following Antigen
Challenge

+/+, and W/W" mice, as observed previously [35]. The
HDC elevations in +/+ mice were similar to those seen in
BALB/c mice. The HDC elevations were weaker in W/WY
mice, although the levels of HDC induced in the tissues
were still quite substantial, especially in the liver and
lung. '

IL-1av, IL-1B, and TNFa Levels following OVA

Challenge

First, we measured IL-18 and TN Fu levels in the blood
and tissues of BALB/c mice following an OVA challenge-
{fig. 3). There were marked increases in IL-1B in theliver,
lung, and spleen, the increases being nearly maximal at
90 min, but there were no changes in TNFa levels in these
tissues. We could delect no significant increases in either
of these cytokines in the blood (levels of IL-18 and T'NF«
were 7-9 and 20-25 pg/ml, respectively). Next, we
compared the induced increases in IL-1x and IL-1$ in
BALB/c and W/WY mice al 90 min after challenges with
different doses of OVA (fig. 4). In the ears in this experi-
ment, both of these cytokines increased (in BALB/c mice)
or showed a (nonsignificant) tendency to increase (in W/
WY mice). In other lissues, the increases in these cylo-
kines followed a similar overall pattern in the two types
of mice, although the IL-1B levels in the lung in W/W*
mice were lower than those in BALB/c mice. Sensitization
itself did not affect the basal levels of these cytlokines in
the tissues (except in the spleen of W/W* mice, in which
[1.-1x increased slightly but significantly). Incidentally,
we confirmed the reliability of the method used to mea-
sure 1L.-11evelsin the lissues, and also confirmed that the
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Fig. 2. HDC activities induced in sensi-
tized BALB/c¢, t/+, and W/WY mice by an
OVA challenge. Saline or OVA (1 mg/kg)
was injected intravenously, and tissues
were taken 4 h later. Each value is the mean
* SD of 4 mice. ¥ p < 0.05, ¥ p < 0.01 vs.
saline group in same mouse strain; ** p <
0.01 between the indicated groups.

HDC activity (nmol/g/h) HDC activity (nmol/g/h)

0 3 6 0 15 30
[l i ] I A ]
O BALB/c Liver I Lung
N +/+ 3
Saline mww X

OVA

saline R&

OVA

Liver Lung Spleen
120 %% 150 4 300 -
*% = N
S 80 100 - 200
o
£ *%
a
& 40 - 50 - 100
04T T 04— —TrrTT [ e e e S
1] 90 180 0 90 180 [+] 90 180
4 4 61
31 3 -
g
< 2 2 1
£ 2-
14 11
Fig.3. Effects of OVA challenge on the lev- 04— 0 T 0 T T T T
elsof IL-13 and I'NFa. OVA (1 mg/kg) was 0 %0 180 0 %0 180 0 %0 180
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¢ mice, and tissues were taken at the indi- challenge (min) challenge (min) challenge (min)
cated times. Each value is the mean *®SD
of 4 mice. * p<0.05,** p <0.01 vs. time 0.
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basal levels of 1L-1a and [1.-1 were much lower in [L-1-
KO mice than in control BALB/c mice [36].

HDC Activities following OVA Challenge in IL-1-KO

Mice .

An OVA challenge at 1 mg/kg induced both anaphy-
lactic shock (score 1-2 within 10 min of the challenge)
and HDC elevations in the tissues in 1L-1-KO BALB/c
mice, too (fig. 5). In IL.-1-KO mice, the HDC elevalions
were similar to those seen in control BALB/c mice.

Histamine Synthesis following Antigen
Challenge

Histamine Levels following OVA Challenge in Control

BALB/c Mice .

First, we compared histamine levels between nonsen-
sitized and sensitized BALB/c mice. A significant in-
crease in histamine was detecled in some tissues (liver,
lung, and ear) in sensitized mice (fig. 6). It should be not-
ed that the histamine levels in the blood and liver were
markedly lower than those in the other tissues, and that
MCs are very scarce in the liver (data not shown). h
should also be noted that there was a particularly high
level of histamine in the ecar, and that the skin of the ears
is very rich in MCs [33].

Int Arch Allergy Tmmunol 2007:111:69-78
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Fig. 5. HDC induction by OVA challenge
in11L-1-KO mice. Saline or OVA (1 mg/kg)
was injecled intravenously, and tissues
were taken 3 b later. Each value is the mean
+ SD of 1 mice. ** p< 0.0} vs. correspond-
ing saline group.
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at 10 and 30 min (histamine levels in the
blood) were obtained in an additional ex-
periment.
An OVA challenge at 2 mg/kg induced an explosive Discussion

elevation of histamine in the blood within 10 min of the
OVA challenge (fig. 7). This elevation was largely lost
within 3 h, although at 3 and 4.5 h the level was still
slightly, but significantly, higher than at time 0. In addi-
tion, the OVA challenge increased histamine in the liver,
while it reduced histamine in the other tissues (fig. 7).
‘The reduced histamine levels in the lung and ear recov-
- ered within 4.5 h of the OVA challenge. In another ex-
periment, the reduced histamine level in the spleen re-
covered at 7 h after OVA challenge (data nol shown). An
OVA challenge al 1 mg/kg had effects on histamine levels
similar o those induced by the 2 mg/kg challenge (i.e., a
marked increase in the blood, a marked decrease in the
spleen, a lendency to increase in the liver, and tendencies
1o decrease in the lung and car; data not shown).

Histamine Synthesis following Antigen
Challenge

As described in Lhe introduction, we expected that
OVA challenge might induce I1DC in non-MCs (such
as vascular endothelial cells, neutrophils, and macro-
phages). In the present study, we found that although the
HDC inductions observed following OVA challenge were
weaker in W/W" mice than in BA LB/c mice, the levels of
HDC induced in the tissues (especially in the liver and
lung) in W/W" mice were quite substantial (fig. 2). Our
results suggest that OVA challenge induces HDC in MCs
and/or non-MCs, and that MCs are responsible foralarge
proportion of the HHDC induction observed in the spleen
and ear, while in the liver and lung non-MCs contribute
necarly 50% of the induced HDC. The finding of HDC
induction in MC-deficient mice is also important, indi-
cating that OVA challenge is capable of inducing [IDC in
an MC-independent manner.

Int Arch Allergy Immunol 2007;144:69-78
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As described in the introduction, both [1L.-1 and TNF«
are released in vitro from MCs upon their stimulation. In
the presentin vivo study, OVA challenge induced marked
increases in both [L-1a and IL-1f3, but not in TNF«, in
the tissues examined (fig. 3). We previously reported that
following administration of IL-1« or 1L-1B, the induced
11DC levels in various tissues are similar in normal and
W/W* mice {11, 29]. These results seem lo support our
hypothesis that MC-derived IL.-1 may mediate the HDC
induction observed following OVA challenge. [lowever,
despite the comparatively weak [{DC induction in W/W¥
mice, the pattern of the production of IL-1a and IL-1f in
various lissues was, overall, much the same in BALB/c
and W/W" mice (the only difference being smaller IL-13
productions in the ear and lung in W/W" mice). These
resultsindicate that IL-1«x and 1L.-1B are both largely pro-
duced in vivo from non-MCs in response to OVA chal-
lenge, although MCs in the lung may produce a signifi-
cant amount of [1.-1B8. Moreover, an OVA challenge fully
induced 11DC in IL-1-KO mice (fig. 5). Hence, these re-
sults suggest that contrary to our expectations, the con-
tribution, if any, made by [L-1 to HHDC induction follow-
ing an OVA challenge is small. It is possible that non-MCs
as well as MCs may directly respond to OVA with an
11DC elevation via cross-linking of IgE on Fce receptors,
because these receptors are expressed on non-MCs, such
as monocytes, cosinophils, Langerhans cells, and neutro-
phils [30]. Moreover, it is likely that IgE-independent
mechanism(s) are also involved, because anaphylaxis can
occur in IgE-deficient mice [37]. Further studies will
therefore be needed to clarify this issue.

"The number of MCs has been shown to increase dur-
ing the development ofallergy [38, 39]. Thus, theincrease
in tlissue histamine we observed in sensitized BALB/c
mice (fig. 6) may reflect an increase in the number of
MCs. In addition, it has been shown that the number of
Fce-receplor-positive basophils in the spleen and bone
marrow increases in mice immunized with foreign pro-
teins [40, 41}, and that monomeric or oligomeric [gE itsclf
is capable of inducing HDC in MCs in vitro [42, 43].
Thus, itis also likely that histamine synthesis is enhanced
in MCs or basophils during the course of sensitization,
although this remains to be clarified in future studies.

In BALB/c mice, OVA challenge induced (1) an explo-
sive elevation of histamine in the blood (possibly via a re-
lease of histamine from the tissues), and (2) decreases in
histamine levels in the tissues (except the liver) (fig. 7).
‘The reduced histamine levels in the tissues recovered
within a few hours (i.e., over the period during which
IDCis induced). These results contrast with our previous

76 Int Arch Allergy ITmpunol 2007:111:69-78

finding that LPS injection, which induces 1DC in non-
MCs, elevates histamine levels in tissues such as liver,
lung, and spleen [29]. Thus, the present resulls indicate
that (1) the level of histamine present in a given tissuc af-
ter OVA challenge is determined by the rates of release
and formation of histamine and (2) the [1DC induction
that occurs following OVA challenge may contribule Lo
the replenishment of the reduced histamine pools in MCs.
The increase in histamine in the liver (fig. 7) may be ex-
plained by histamine production in non-MCs being great-
er than its release from MCs (because MCs are scarce in
this organ). It is conceivable that in tissues not examined
by us in the present study, MCs may respond rapidly to
OVA by releasing histamine (as observed in the spleen),
contributing to the explosive histamine increase in the
blood during the anaphylactic phase. It would be interest-
ingto try toidentify such Lissues in future studies. Wealso
noticed that although the fall in the amount of histamine
in the ear was very large following an OVA challenge
(fig. 7) and the 11DC activity induced in the ear was low
(fig. 1), there was a fast recovery of histamine in the ear.
Although we have as yet no data capable of explaining this
result, it is interesting to note that Ohtsu et al. [44] found
that the MCs in the skin of [1DC-deficient mice actively
take up histamine from their environment. Hence, we
speculate that the fast recovery in the ear in OVA-chal-
lenged mice may be due not only to the induction of [IDC
in the ear skin, but also to the uptake from the circulation
of histamine that had been produced by non-MCs at oth-
er sites and then released into the circulation.

The histamine newly produced by non-MCsis released
upon its formation, without being stored [45-47]. Thus,
the present findings support the hypothesis of Kahlson et
al. [1] that in hypersensitivily reactions, the tissues are
exposed Lo histamine generated by two different mecha-
nisms with different time courses, namely an initial ana-
phylactic phase of histamine release from MCs and a sub-
sequent prolonged phase following its de novo formation
in non-MCs. We observed that after the initial explosive
elevation of histamine in the blood (fig. 7), its level in the
blood was still somewhal higher at 3 and 4.5 h than al
time 0. This may be explained (at least in part) by the en-
try into the blood of the histamine newly formed by non-
MCs. The histamine released explosively from MCs acts
as a medialor of inflammation in the anaphylactic phase.
On the other hand, the newly formed histamine may be
involved in immune responses (or delayed inflamma-
tion) and/or in the replenishment of the reduced hista-
mine poolin MCs in the anaphylactic phase, although we
have not examined this idea.

Deng/Wu/Yu/Arai/Sasano/Sugawara/
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In conclusion, contrary to our expectations the pres-
ent findings suggest that (1) AC induces HDC in both
MC-dependent and MC-independent ways, (2) AC in-

duces IL.-1 mostly in non-MCs, but this 1L.-1 is not a pre-
requisite for the induction of HDC by AC, (3) HIDC in-

duction may contribule o the replenishment of the re-
duced pool of MC histamine in the anaphylaclic period,
and (4) in the case of MC-dependent 11 DC induction, AC
may stimulate MCs in such a way as Lo induce HDC with-
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Induction of serum IL-18 with Propionibacterium acnes and
lipopolysaccharide in phagocytic macrophage-inactivated
mice
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Abstract: 1L-18, an important regulator of im-
mune responses, is expressed in activated macro-
phages and also in nonimmune cells, such as kera-
tinocytes and epithelial cells. Increased levels of
serum 1L-18 are reported in patients with a wide
variely of diseases, but it is unelear which type of
cell is the major source of serum I1.-18. Here, we
showed that the administration of liposomes encap-
sulating clodronate (Cle-lip) in mice selectively de-
pleted FA/807 phagocytic macrophages in the liver
and spleen. Serum levels of mature 11.-18 with 18
kDa were increased markedly in mice treated with
Propionibacterium acnes and LP'S, whereas admin-
istration of Clo-lip and gadolinium chloride, an-
other widely used macrophage inactivator, showed
no obvious effect on serum I1.-18 levels, which
were marginal in the liver, lung, and spleen and
more pronounced in the intestines, especially in
the duodenum. Treatment with P. acnes alone in-
duced 11-18 more than twofold in each organ, and
P. acnes and LPS induced a marked increase in
11.-18 levels in the liver and spleen but decreased in
the intestines. The administration of Clo-lip showed
only a marginal effect on the I1-18 levels in these
organs. Furthermore, serum levels of liver en-
zymes and TNF-« and liver injury (neerotie change
and granuloma formation) induced by P. acnes and
LPS were reduced moderately by Clo-lip. These
results suggest that phagocytic maerophages do not
actively contribute to the induction of serum I1.-18
and liver injury in mice treated with P. acnes and

LPS. J. Leukoe. Biol. 82: 327-331; 2007,
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INTRODUCTION

18 was identified originally as an IFN=y-inducing factor
from o murine liver cell ¢DNA library generated from mice
primed with heat-killed Propionibacterivm acnes and subse-
aquently challenged with LPS [1]. 1L-18 is produced intracel-
lularly as an inactive, 24-kDa precursor form (prolL-18) and

seereled as an 18-kDa mature form afler eleavage Iy
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caspase-1, originally  designated  H-1B-comverting enzyme
[2—4]. 11-18 is now recognized as a multifunctional regulator of
innate and acquired imnmune responses through s activation of
Thi and Th2 responses [2-5]. 11.-18 has also been suggested to
he a potent. proinflammatory evtokine. which regulates auto-
immune and inflammatory diseases [2—4].

Recent studies showed that 11-18 is identified, not only in
activated macrophages. including dendritic cells (DC) and
Kupffer cells, but also in nonimmune cells, such as keratino-
evies, osteoblasts, adrenal cortex cells, epithelial cells of various
organs and lissues. microghial cells. and synovial fibroblasts [ 2-4].
This wide range of distribution implies that 1L-18 plays physio-
logical roles and acts as a component of inmune regulation.

Increased levels of 11L-18 have been reported in the sera
from patients with a wide variety of diseases, ineluding auto-
immune and iiflammatory disorders [6-11], allergy {12]. allo-
graft rejection [13], and infectious diseases [14-16], and the
elevated serum 1L-18 levels are considered to he a parameter
for the disease severity and a diagnostic marker. We have
shown recently that human oral epithelial cells constitutively
express a precursor form of 11-18, stimulation of the cells with
neutrophil proteinase 3 (PR3) and LPS induces the secretion of
an active form of 1L-18 after IFN-y priming [17]. and PR3
activates the cells through a G protein-coupled protease-activated
receptor 2 (PAR2) on the cell swface in vitro [18, 19]. Subse-
quently, we also revealed that neutrophil recruitment and PAR2
aclivation are critically involved in the induction of seram 11.-18
in mice treated with heat-killed P. acnes and TPS in vivo [20].

It is still unclear whether the major source of serum 1L-18 is
activated macrophages or nonimmune cells, such as those of
epithelial origin in vivo. A macrophage “suicide”™ technique,
using liposomes encapsulating dichloromethylene hisphosphu-
nate (clodronate). specifically depletes phagoeytic macro-
phages but not neatophils and DC within b day or 2 of the i.v.
injection of such lippsomes into mice or rats [21-23]. 1t is alzo
reported that i.v. injection of gadoliniwm chloride (GACL,) no
onh blocks phagoeytosis of Kupffer cells but also eliminates
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these cells {24, 25]. These techniques have allowed us 10
imestigate whether the major source of serum 11.-18 is acti-
vated macrophages in mice treated with P. acies and LPS. We
also examined the effect of macrophage inactivation by the
liposomes on liver injury in the mice.

MATERIALS AND METHODS

Mice

Female C57BL/O mice (09 weeks old), obtained from the Institute {or kEx-
perimental Animals of the: Tohokn University Graduate School of Medicine
(Sendat. Japan), were used for the experiments.

Bacteria and reagents

P. acnes was grown in brain-heant infusion medium (Difco Laboratories,
Detroit, M1, LSA) with L-cysteine and Tween-80, as deseribed previously |20
The harvested bacteria were washed with sterile, distilled water, killed by
heating at 00°C for 1 h, and then Ivophilized. ‘Uhe hvophilized bacteria were
next suspended in PBS (5 mg/ml) and used to prime the mice. LPS from
Escherichia coli 055:85 and clodronate: were obtained from Sigma-Aldrich (St
Louis, MO, L SA). Mouse recombinant (mn)lL-18 was obtained from Medical
and Biological Laboratories ((Ykavama, Japan). Rabbit anti-mouse 11.-18 poly-
clonal antibody (pAb) was provided by Tomaki Hoshino (Kurime Lniversity,
Kurume, Japan). All other reagents were ablained from Sigma- Aldrich. unless
otherwise indicated.

Treatment of mice with clodronate-liposomes
(Clo-lip) or GdCl,

A suspension of liposomes encapsulating clodronate was prepared according to
a method described previously {22, 23], Briefly, 75 mg phosphatidylcholine
and 11 mg cholesterol were dissolved in chlovoform (20 ml) in a mund-
hottomed flask {1000 ml}). The thin film, which formed on the walls of the flask
after rotary evaporation at 37°C, was dispersed hy gentle shaking for 10 min in
10 ml elodronate solution (200 mg/ml) in PBS. This suspension was kept for
2 h at room temperature, then sonicated for 3 min (50 Hz), and kept for another
2 h. The resulting liposomes floating on the aqueous phase were collected
using a Pastenr pipette, suspended in 10 ml PBS, and centrifuged at 5000 g
for 30 min. The precipitated liposomes were finally suspended in 4 ml PBS;
this preparation is referred to as the “original”™ suspension of Clo-lip. This
original suspension was diluted (as deseribed in the text) using PBS, and the
diluted suspension was injected iv. at 0.2 ml/mouse.
The mice were also injected v, with GdCL, (10 mg/kg) or saline |25].

Histological analysis

Lmimunchistochemistry was conducted as follows. Tissues were fixed in perio-
date-lvsine-4% paraformaldehyde for 6 h at 4°C. After washing in PBS
containing sucrose, fived tissues were embedded in OCT compound {Sakura.
‘Tokyo, Japan) and frozen immediatelv. Frozen tissue seclions (6 wm) were
incubated with rat anti-mouse F4/80 mAb (Serotec, Oxford, LK) overnight at
1°C. After that, the sections were treated with peroxidase-blocking reagent
(Dake Cytomation, Tokyo, Japan) for 20 min and secondary antibodies, such as
the goat anti-vatl simple-stain mouse MAX-PO (Nichirei, Tokvoe. Japan). The
chromogen used was 3’ 3-diaminobenzidine tetrahvdrochloride (Dako Cytona-
tion). The sections were counterstained with hematoxylin. As a negative
contral. rat isotype-matehed eontrol g G2b (BI) Biosciences, San Diega, CAL
1 SA) was used.

For histopathological analysis, formalin-fixed samples were embedded in
paraffin and stained with H&E.

Treatment of mice and preparation of serum and
tissue extracts

The mice were injected Lp. with heat-killed 2 acnes (1 wg div weight/monse).
and T dave later, they were challenged v, with LPS (1 pgfmeomse). As P
aenes-primed mice started to die of endotoxin shock 4 b after the 1LPS
challenge 1204 blood and tissues were taken from the mice 2 0 after the LPS
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challenge in this study. Bload was collected directls into test tubes following
their decapitation. and the semum was recovered by centrifugation at 2000 g at
1°C, after which it was stored at —80°C until nse. Frozen tissues or organs were
homogenized in RPMI 1040 containing Triton X-100 (5 pl/ml). HEPES (10
pmol/ml). BSA (100 pg/ml). gentamicin subfate {30 pg/ml), and proteinase
inhibitor cocktail (10 wl/ml) |20 The cocktail contains 4-2-aminocthyDben-
zenesulfonyl fluoride. aprotinin. leupeptin. bestatin. pepstatin A, and E-64.
‘The supernatants obtained by centrifugation at 10,000 g for 10 min at 3°C of
the homogenates were then stored at =80°C until use. The experimental
procedure fullowed in this study was approved by the Ethical Board for
Non-lluman Species of the Tohoku | niversity Graduate School of Medicine
(Sendai. Japan).

Measurement of cytokines and liver enzymes

The levels of IL-18 and TNI-a¢ in the samples were determined using a niuse
11-13 ELISA kit (Medical and Biological Laboratories, Waoburn. MA, 1 SA)
and a mouse TNF-ac OptEIA ELISA kit (BD) PharMingen, San Diego, CAL
1.SA), respectively. According to the manufacturer, the IL-18 LLISA kit
mainly detects an 18-kDa, mature form, and the sensitivity to the precursor

form was less than 109% compared with the matare form. The amount of 11.-18
in each lissue was expressed as pg/g wel tissue.

Serum asparate aminotrmansferase (AST) and alanine aminotransterase (ALT)
activities were measured photometrically using commenrcial Kits (Wako Pore
Chemical Industries. Osaka, Japan).

Western blotting

All zamples were solubilized with Laemmli sample buffer [27]. SDS-PAGE was
performed in a 15% polvacivlamide slab gel under reducing conditions,
according to the method of Laemmli |27]. Proteins were transferned 1o a
polyvinylidene difluoride membrane using a semidry transblot system i1Atto
Insiruments, Tokyo, Japan). The blot was blocked for 2 h with 3% w/v nonfat
drv milk and 0.05% Tween 20 in PBS (Blotto/I'ween) and incubated with
amti-mouse 1L-18 pAb at 6 pg/ml in Blotto/Tween overnight at 4°C. The blot
was washed four times with Blotto/I'ween and then incubated for 90 min with
HRP-conjugated, affinity-purified goat anti-rabbit IgG at 1:3000 (Pierce Bio-
technology, Rockford, 1L, LSA) in Blotto/Tween. After heing washed, 1L-18
was visualized with Wesl Femto maximun sensitivity substrate (Plerce Bio-
technology). The molecalar weight of the proteins was estimated by comparison
with the position of a standard (Bio-Rad Laboratories, Hercules, CAL USA).

Statistical analysis

Experimental values were expressed as the mean £ 5D, and the statistical
significance of differences hetween two means was evaluated by one-way
ANOV A using the Bonfervoni or Dunnett method, for which values of £ < 0.05
were considered to be statistically significant.

RESULTS

Effect of macrophage inactivation on the
induction of serum IL-18 in mice

As it is suggested that activated macrophages, such as Kupffer
cells. are the major source of serum IL-18 in vive [1, 2], we
examined the effect of macrophage inactivation by Clo-lip or
GdCly on the induction of serum 11-18 in mice after treatment
with P. acnes and LPS. Clo-lip was administered in mice on
Days 0. 3. and 5. and the livers and spleens were taken on Day
8. GdCl, was administered in mice on Days 0. 4, and 7, and the
livers and spleens were taken on Day 9. The results from
immunohistochemistry showed that the administration of Clo-
lip eliminated F4/80" macrophages (Kupffer cells) in the liver
(Fig. 1A). FA/80 " mactophages were abundant in the red pulp
of the spleen, and the Clo-lip treatment also eliminated F1/80°
macrophages in the spleen (Fig. 1B). In contrast. GdCl, did not
deplete FH/80° macrophages in the liver and spleen. These
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