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ABSTRACT

We investigated the involvement of serine protease and protei-
nase-activated receptor 2 (PAR,) in dermatophyte-induced itch
in mice. An intradermal injection of an extract of the dermato-
phyte Arthroderma vanbreuseghemii (ADV) induced hind-paw
scratching, an itch-related behavior. ADV extract-induced
scratching was inhibited by the opioid receptor antagonists nal-
oxone and naltrexone, the serine protease inhibitor nafamostat
mesylate, and the PAR, receptor antagonist FSLLRY-NH,. ADV
extract-induced scratching was not inhibited by the H, histamine
receptor antagonist terfenadine or by mast cell deficiency. Heat

pretreatment of the ADV extract markedly reduced the scratch-
inducing and serine protease activities. Proteolytic cleavage within
the extracellular N terminus of the PAR, receptor exposes a se-
quence that serves as a tethered ligand for the receptor. The ADV
extract as well as tryptase and trypsin cleaved a synthetic N-ter-
minal peptide of the PAR, receptor. The present results suggest
that serine protease secreted by dermatophytes causes itching
through activation of the PAR, receptors, which may be a causal
mechanism of dernatophytosis itch.

Introduction

Superficial cutaneous fungal infections, especially tinea,
are very common in dermatological foot diseases, and cause
skin conditions, such as scales, keratosis, erosion, and itch-
ing; itching is reported by approximately 50% of patients
with tinea pedis (Cohen et al., 2002; Djeridane et al., 2006).
Fungi proteinase has long been known to be pruritogenic in
humans (Arthur and Shelley, 1955). Dermatophyte infection
leads to immediate and delayed-type hypersensitivities
(Woodfolk, 2005), which can cause pruritus. However, the
details of the underlying mechanisms of dermatophytosis
pruritus remain poorly understood. Dermatophytes secrete a
variety of enzymes, such as proteases, lipases, elastases,
collagenases, phosphatases, and esterases, which are impor-
tant factors during the infection process (Peres et al., 2010).

This work was supported in part by the Ministry of Education, Culture,
Sports, Science and Technology, Japan [Grants-in-Aid for Young Scientists (B)
19790051, 22790063]; the Ministry of Education, Culture, Sports, Science and
Technology, Japan [Grant-in-Aid for Scientific Research (B)23390153]; and the
Health, Labor and Welfare Ministry, Japan. This work was also supported in
part by the National BioResource Project in Japan (http://www.nbrp.jp/).

Article, publication date, and citation information can be found at
http:/jpet.aspetjournals.org.

http:/dx.doi.org/10.1124/jpet.112.195222.

Therefore, we first aimed to determine whether dermato-
phyte products, especially proteases, cause acute itching.
Proteases have long been known to cause itching in hu-
mans; moreover, endopeptidases rather than exopeptidases
cause itching (Arthur and Shelley, 1955). Among the endo-
peptidases (proteinases), serine proteases may cause itching
via proteinase-activated receptor (PAR), a family member of
the G-protein-coupled receptors. The activation of PAR is
initiated by the cleavage of the N terminus of the receptor to
generate a new tethered ligand terminus, which activates
PAR itself (Macfarlane et al., 2001). The PAR,, PAR,, and
PAR, receptor subtypes are thrombin receptors, whereas
PAR, is activated by trypsin-type serine proteases rather
than by thrombin (Macfarlane et al., 2001). Trypsin-type
serine proteases and a synthetic PAR, tethered ligand cause
itching and scratching in humans and animals (Steinhoff et
al., 2003; Shimada et al., 2006; Ui et al., 2006; Tsujii et al.,
2009). However, PAR, and PAR, tethered ligands elicit mild
scratching, which is inhibited by the H; histamine receptor
antagonist terfenadine in mice (T'sujii et al., 2008). Chymase,
a chymotrypsin-type serine protease, causes itching in hu-
mans, probably by degranulating mast cells (Hagermark et
al., 1972). Therefore, the second aim of this study was to
determine whether the PAR, receptor and mast cell degran-

ABBREVIATIONS: PAR, proteinase-activated receptor; ADV, A. vanbreuseghemii; FK888, N2-[(4R)-4-hydroxy-1-(1-methyl-1H-indol-3-yl)car-

bonyl-L-prolyf]-N-methyl-N-phenylmethyl-3-(2-naphthyl)-L-alaninamide.
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ulation are involved in the itching induced by dermatophyte
products.

Materials and Methods

Animals. Male ICR mice (5-9 weeks old or neonatal) were used,
with the exception of one series of experiments in which male mast
cell-deficient mice (WBB6F1 W/W") and the normal littermates
[WBB6F1(+/+)] were used at 8 weeks of age. All mice were pur-
chased from Japan SLC (Shizucka, Japan). The mice were housed in
a room under controlled temperature (21-23°C), humidity (45-65%),
and light (lights on from 7:00 AM to 7:00 PM). Food and water were
made freely available. Procedures in the animal experiments were
approved by the Committee for Animal Experiments at University of
Toyama and were conducted in accordance with the guidelines of the
Japanese Pharmacological Society.

Materials. Naloxone hydrochloride and naltrexone hydrochloride
(both from Sigma-Aldrich, St. Louis, MO) were dissolved in physio-
logical saline and injected subcutaneously 15 min before dermato-
phyte extract injection. Terfenadine (Sigma-Aldrich) was dissolved
in 0.5% sodium carboxymethyl cellulose (Wako Pure Chemical In-
dustries, Osaka, Japan) and administered orally 30 min before Ar-
throderma vanbreuseghemii (ADV) extract injection. Nafamostat
mesylate (Torii Pharmaceutical Co., Ltd., Tokyo, Japan) was dis-
solved in 5% glucose (Wako Pure Chemical Industries) and injected
intravenously 5 min before ADV extract injection. The peptides
FSLLRY-NH,, SLIGRL-NH,, LRGILS-NH,,, GRNNSKGRSLIGRLET-
NH,, and GRNNSKGILIGRLET-NH, were synthesized and identified
using the peptide synthesizer PSSM-8 (Shimazu Co., Kyoto, Japan) and
matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometer Autoflex T1 (Bruker Daltonics, Billerica, MA), respectively.
FSLLRY-NH, was dissolved in physiological saline (Ohtsuka Pharma-
ceutical Co., Ltd., Tokushima, Japan) and injected intradermally to-
gether with ADV extract. N-p-Tosyl-Gly-Pro-Arg p-nitroanilide was
purchased from Sigma-Aldrich, and tryptase and trypsin were from
Wako Pure Chemical Industries.

Dermatophytes and Extract Preparation. The dermatophyte
ADV was obtained from the National BioResource Project (http://
www.nbrp.jp/). It was subcultured on 2% agar (Wako Pure Chemical
Industries) containing potato dextrose broth (Wako Pure Chemical
Industries) at room temperature. A colony containing fungal spores
was removed, added to Sabouraud dextrose liquid culture medium
containing 2% dextrose (Wako Pure Chemical Industries) and 1%
polypeptone (Wako Pure Chemical Industries), and incubated at
37°C for more than 3 days.

The colonies of ADV were repeatedly washed with physiological
saline and centrifuged until the supernatant became transparent.
The resultant pellet was suspended in physiological saline and sub-
jected to repeated freeze-thaw cycles and sonication. After centrifu-
gation, the supernatant (ADV extract) was collected and concen-
trated using a centrifugal concentrator Vivaspin 20 with a molecular
mass cutoff of 30 kDa (Vivascience AG, Hannover, Germany). The
protein concentration was determined using a protein assay kit
(Bio-Rad, Hercules, CA). In a series of experiments, ADV extract that
was heat-treated at 100°C for 1 h was used.

Behavioral Experiments. The day before the experiments were
conducted, hair was removed from the rostral part of the back or the
unilateral cheek of the mice using hair clippers. The animals were
put individually in an acrylic cage composed of four cells (13 X 9 X
35 cm) for at least 1 h for acclimation. Intradermal injection was
administered in a volume of 50 pl to the rostral back and 20 ul to the
cheek. Immediately after intradermal injection, the animals were
returned to the same cells, and their behaviors were videotaped for
1 h; no personnel were present in the observation room during this
time. Playback of the video served for determination of hind-paw
scratching of the rostral back or cheek and forelimb wiping of the
cheek (Kuraishi et al., 1995; Shimada and LaMotte, 2008). When
mice scratch, they stretch the hind paw toward the treated site, lean

the head toward the hind paw, rapidly move the paw several times,
and then lower it back to the floor; a series of these movements was
counted as one bout of scratching (Andoh et al., 2004).

Determination of Trypsin-Like Serine Proteinase Activity.
N-p-Tosyl-Gly-Pro-Arg p-nitroanilide acetate (Sigma-Aldrich), a sub-
strate for trypsin-like serine proteases, was dissolved in 50 mM
Tris-HCI, pH 8.0, in a concentration of 0.5 mg/ml. A 0.02-ml volume
of ADV extract or heat-treated ADV extract was added to 0.18 ml of
the substrate solution, and the mixture was incubated at 37°C for
1 h. The amount of p-nitroanilide released was colorimetrically de-
termined at 420 nm.

Activity of PAR, Cleavage. Ten micrograms of GRNNSKGRS-
LIGRLET-NH, (an N-terminal peptide of PAR, containing a teth-
ered ligand sequence SLIGRL) and its analog GRNNSKGIILI-
GRLET-NH, (two amino acids, Arg-Ser, of trypsin-like serine
protease-cleaved site were replaced by Ile-Ile) were reacted with
ADV extract (10-ug protein), tryptase (1 pg), or trypsin (1 ug) in 50
mM Tris-HC], pH 8.0, in a volume of 100 pl for 1 h. After adding a
dye, the reaction mixture was electrophoresed on a 20% SDS-poly-
acrylamide gel (Wako Pure Chemical Industries). Because the reac-
tion product was too small to be separated by electrophoresis, the gel

>

o o
o ©

Scratch bouts
per 10 min
N A
o O

o

0 20 40 60
Time (min)

-
5\
[~

Scratch bouts/h [0
>
o

50
0
VH 1 10 20
ADV extract (ug/site)
C
=
3 1509
3
2 100
S
8 S04 1 ..
[*]
n 0
Control Heated
ADV extract (20 pg/site)

Fig. 1. Scratching response to intradermal injection of dermatophyte
extract into the back in ICR mice. Mice were administered an intrader-
mal injection of an extract of the dermatophyte ADV or vehicle (VH). A,
time course of scratching after ADV extract (20 pg/site) injection. B,
dose-response curve for the scratch-inducing effect of ADV extract. Val-
ues represent the means = S.EM. for 8 to 14 animals. =, P < 0.05
compared with VH (Dunnett’s multiple comparisons). C, effect of heat
treatment on the scratch-inducing activity of ADV extract. Heat-treated
and untreated ADV extracts were injected intradermally at a dose of 20
wgfsite. The dotted line represents the average value of the VH-injected
group. Values represent the means *+ S.E.M. for seven to eight animals.
#, P < 0.05 (Student’s ¢ test).
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Fig. 2. Scratching and wiping responses to intradermal injection of der-
matophyte extract into the cheek in ICR mice. Mice were administered an
intradermal injection of ADV extract (20 pg/site) or VH, and scratching
bouts and wiping actions of each mouse were counted for 1 h. Values
represent the means = S.E.M. for six animals. *, P < 0.05 (Student’s ¢
test).
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Fig. 3. Effects of opioid receptor antagonists on scratching responses to
intradermal injection of dermatophyte extract into the back in ICR mice.
Mice were administered an intradermal injection of ADV extract (20
pgfsite), and scratching bouts were counted for 1 h. The opioid antagonist
naloxone hydrochloride, p-opioid receptor antagonist naltrexone hydro-
chloride, and vehicle (VH) were injected subcutaneously 15 min before
ADV extract injection. The dotted line represents the average value of
scratching bouts in mice given intradermal injection of saline. Values
represent the means * S.E.M. for six animals. #, P < 0.05 compared with
VH (Dunnett’s multiple comparisons).

was stained with Coomassie Brilliant Blue (Wako Pure Chemical
Industries), and the substrate peptide was determined.

Data Processing. Data are presented as means + S.E.M. Statis-
tical significance was analyzed using Dunnett’s multiple compari-
sons, Bonferroni’s multiple comparisons, or Student’s ¢ test; P < 0.05
was considered significant.

Results

Behavioral Effects of Dermatophyte Extract. Tricho-
phyton mentagrophytes is a common dermatophyte isolated
from humans (Seebacher et al., 2008), and ADV, which be-
longs to the T. mentagrophytes complex, infects animals and
humans (Drouot et al., 2009). Therefore, we examined the
pruritogenic activity of an extract prepared from cultured
ADV. When injected intradermally into the rostral back of
mice, ADV extract elicited hind-paw scratching—an itch-
related behavior—of the injection site at a dose of 20 pg/site;
the effect peaked during the first 10-min period and almost
subsided by 40 min (Fig. 1A). Scratching was dose-depend-
ently increased in the range of 1 to 20 pg of ADV extract per
injection site; significant increase was observed at the dose of

Dermatophytes and ltch 93

20 pgfsite (Fig. 1B). Heat treatment of the ADV extract
almost abolished its scratch-eliciting activity (Fig. 1C).

We also injected ADV extract into the murine cheek to test
whether the extract is algogenic. Forelimb wiping—a nocice-
ptive behavior—was slightly but significantly increased. by
ADV extract (20 pg/site) compared with the vehicle, whereas
hind-paw scratching was markedly increased in the same
individuals (Fig. 2); the increases in scratching elicited from
injection into the cheek were similar to those from injection
into the rostral back (Figs. 1B and 2).

Effects of Various Agents on ADV Extract-Induced
Scratching. Subcutaneous pretreatment with the opioid re-
ceptor antagonist naloxone hydrochloride (1 and 10 mg/kg) -
and selective w-opioid receptor antagonist naltrexone hydro-
chloride (1 and 10 mg/kg) inhibited ADV extract-induced
scratching in a dose-dependent manner (Fig. 3). Oral pre-
treatment with 30 mg/kg H; histamine receptor antagonist
terfenadine had no effect (Fig. 4A). Intravenous pretreat-
ment with the serine proteinase inhibitor nafamostat mesy-
late (1~10 mg/kg) inhibited ADV extract-induced scratching;
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2
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Q
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VH 10 30 100
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Fig. 4. Effects of H, histamine receptor antagonist, serine protease in-
hibitor, and PAR, antagonist on scratching responses to intradermal
injection of dermatophyte extract into the back in ICR mice. Mice were
administered an intradermal injection of ADV extract (20 pg/site), and
scratching bouts were counted for 1 h. A, terfenadine (30 mg/kg) and VH
were administered orally 30 min before ADV extract injection. B, nafa-
mostat mesilate and vehicle (VH) were injected intravenously 5 min
before ADV extract injection. C, FSLLRY-NH, and VH were injected
intradermally together with ADV extract. Dotted lines represent the
average value of scratching bouts in mice given intradermal injection of
saline. Values represent the means = S.E.M. for six animals. *, P < 0.05
compared with VH (Student’s ¢ test or Dunnett’s multiple comparisons).

2102 ‘01 Jaquiada( uo (usyungnyeA) grialun expeA | eweko] ie Bio-sjeuinofjadsejad| woly papeojumoq



€]
o
-
>
?ii%
ﬁ
7
b
s
=
Lokl
o
o
fubed
0
Z
<
>
O
0
-
®
U
<
=
=4
<
X
e

94 Andoh et al.

significant inhibition was observed at a dose of 10 mg/kg (Fig.
4B). Simultaneous local treatment with the PAR, receptor
antagonist FSLLRY-NH, (10-100 pg/site) inhibited ADV ex-
tract-induced scratching, with a significant inhibition ob-
served at a dose of 100 pg/site (Fig. 4C).

Effect of Mast Cell Deficiency on ADV Extract-In-
duced Scratching. An intradermal injection of ADV extract
(20 pgfsite) significantly increased scratching in mast cell-
deficient mice (WBB6F1 W/W") and in normal littermates
[WBB6F1(+/+)], compared with saline-injected group (Fig. 5).
The extent of ADV extract-induced scratching was similar in
these mice (Fig. 5). An intradermal injection of the PAR,
receptor agonist SLIGRL-NH, (50 nmol/site) also signifi-
cantly increased in WBB6F1 W/WY and WBB6F1(+/+) mice,
compared with negative control (50 nmol/site of the reverse
peptide LRGILS-NH,); the extent of SLIGRL-NH,-induced
scratching was similar in these mice (Fig. 6).

Trypsin-Like Serine Proteinase Activity of ADV Ex-
tract. The ADV extract (0.5-100 pg/ml) showed serine pro-
tease activity in a concentration-dependent manner (Fig. 7).
Heat treatment markedly decreased the proteinase activity
of the ADV extract with traces of activity remaining (Fig. 7).

Cleavage of N-terminal Peptide of PAR, Receptor by
ADV Extract. Proteolytic cleavage within the extracellular
N terminus of PAR, receptor exposes a receptor-activating
N-terminal sequence that serves as a tethered ligand for the
receptor (Macfarlane et al., 2001). A synthetic N-terminal
peptide of PAR, receptor, GRNNSKGRSLIGRLET-NH,, was
cleaved by the ADV extract as well as by tryptase and tryp-
sin; thus, it disappeared from the reaction mixture after a 1-h
reaction (Fig. 8A). In contrast, tryptase did not cleave the
analog peptide GRNNSKGIILIGRLET-NH, (Fig. 8B). ADV
extract decreased the analog peptide, but 63% remained after
a 1-h reaction (Fig. 8B).

Discussion

Intradermal injections of ADV extract into the rostral back
and cheek induced hind-paw scratching in mice, and its in-
jection into the cheek elicited only slight wiping. Intradermal
injections of pruritogenic and algogenic substances (such as
histamine and capsaicin, respectively) into the cheek have
been shown to elicit hind-paw scratching and forelimb wip-

WBB6F1"*  WBB6F1 WW'

Scratch bouts/h

VH ADV VH
extract

ADV
extract

Fig. 5. Effect of mast cell deficiency on scratching responses to intrader-
mal injection of dermatophyte extract into the back. ADV extract (20
ng/site) and vehicle (VH) were injected intradermally in mast cell-defi-
cient WBB6F1 W/W® mice and in normal littermates (WBB6F1+/*).
Scratching bouts were counted for 1 h after intradermal injection.
Values represent the means * S.E.M. for seven (ADV extract) or eight
(VH) animals. *, P < 0.05 compared with the corresponding VH
(Bonferroni’s multiple comparisons).

100 7 WBB6F1*" WBB6F1 WW'’
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60

40 +

Scratch bouts/h

20

RP SLIGRL

04 .
RP SLIGRL
Fig. 6. Scratch-inducing effect of PAR, receptor agonist peptide in
WBB6F1 mice. The PAR, receptor agonist peptide SLIGRL-NH,
(SLIGRL) and the reverse peptide (RP) LRGILS-NH,, were injected in-
tradermally at a dose of 50 nmol/site in mast cell-deficient WBB6F1 W/W*
mice and in normal littermates (WBB6F1*/*). Scratching bouts were
counted for 1 h after intradermal injection. Values represent the means *
S.E.M. for seven (SLIGRL) or eight (RP) animals. *, P < 0.05 compared
with the corresponding RP (Bonferroni’s multiple comparisons).

ing, respectively, of the injection site in mice (Shimada and
LaMotte, 2008). Therefore, the present results suggest that
the ADV extract is more pruritogenic and less algogenic.

Itch-related, but not pain-related, behaviors are sup-
pressed by opioid receptor antagonists (Akiyama et al., 2010;
Gotoh et al., 2011). Opioid receptor antagonists have been
shown to inhibit the scratching induced by several prurito-
gens (Andoh et al., 1998, 2009; Yamaguchi et al., 1999),
dermatoses in rodents (Ohtsuka et al., 2001; Yamaguchi et
al., 2001; Miyamoto et al., 2002), and pruritus in humans
with pruritic diseases (Monroe, 1989; Bergasa et al., 1995).
Opioid receptor antagonists exert antipruritic activity via the
action on w-opioid receptors in the central nervous system
(Maekawa et al., 2002; Nojima et al., 2003), especially in the
lower brainstem (Kuraishi et al., 2008). Thus, the result that
the scratching induced by ADV extract injection into the
rostral back was suppressed by opioid receptor antagonists
supports the idea that ADV extract was primarily prurito-
genic in the skin.

ADV extract-induced scratching was not inhibited by the
H, histamine receptor antagonist terfenadine, even at a dose
that almost completely inhibits both histamine-induced
scratching (Ohtsuka et al.,, 2001) and immediate allergy-
induced plasma extravasation (Ohtsuka et al., 2001; Andoh

0.1 = *
[ Extract =

Heat-treated extract

Serine protease activity
(absorbance)
o
[=}
(3,3
1
*

VH 0.5 5 50 100
ADV extract (pg/mL)

Fig. 7. Trypsin-like serine protease activity in the dermatophyte extract.
ADV extract with or without prior heat treatment were added to the
solution of N-p-Tosyl-Gly-Pro-Arg p-nitroanilide, a substrate for tryp-
sin-like serine proteases. The amount of p-nitroanilide released was
colorimetrically determined. Values represent the means * S.E.M. for
eight samples. #, P < 0.05 compared with VH (Dunnett’s multiple
comparisons).
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ADV extract - + +
N-terminal peptide + + -

Tryptase‘ - + +
N-terminal peptide + + -

Trypsin - +  +
N-terminal peptide + + -

B

ADV extract - + +
Analog peptide + + -

Tryptase = + +
Analog peptide + + -

Fig. 8. Cleavage of N-terminal peptide of the PAR, receptor with der-
matophyte extract, tryptase, and trypsin. A, GRNNSKGRSLIGRLET-
NH, (N-terminal peptide of PAR, containing protease-cleaved sequence)
and B, its analog GRNNSKGIILIGRLET-NH, (two amino acids of tryp-
sin-like serine protease-cleaved site were replaced) were reacted with
ADV extract (10 pg), tryptase (1 pg), or trypsin (10 pg) in a volume of 100
pl for 1 h. After adding the dye solution (25 pl), the reaction mixtures
were applied in a volume of 30 pl per lane. The signal of the band was
determined with Coomassie Brilliant Blue. These experiments were re-
peated three times, and provided similar results.

et al., 2010). In addition, ADV extract elicited scratching to a
similar extent in both mast cell-deficient mice and normal
littermates. Therefore, it is suggested that histamine and
mast cell degranulation are not the main causes of ADV-
induced scratching.

The ADV extract had serine protease activity and its
scratch-inducing activity was suppressed by nafamostat me-
sylate, a serine protease inhibitor (Mori et al., 2003). The
dose response of the anti-ADV effect of nafamostat was sim-
ilar to that of its effect on scratching induced by intradermal
injection of the serine protease tryptase in mice (Ui et al.,
2006). Taken together, these results suggest that serine pro-
teases are involved in ADV extract-induced itching. The re-
sults that heat treatment of the ADV extract markedly de-
creased its scratch-inducing and serine protease activities
support the above-mentioned idea. Dermatophytes require
keratin for growth and generally invade only superficial ke-
ratinized structures (Vermout et al., 2008). Dermatophytes
secrete endoproteases and exoproteases of 30 to 50 kDa
(Monod, 2008). Although pruritogenic proteases have not
been identified, one possible protease secreted by the der-
matophytes is keratinase. Keratinase is a serine protease
(Meevootisom and Niederpruem, 1979; Gradisar et al., 2000),
which is secreted from dermatophytes (Yu et al., 1968; Muh-
sin and Salih, 2001; Monod, 2008), and catalyzes the degra-
dation of the keratin present in the host tissue into oligopep-
tides (Peres et al., 2010). In preliminary experiments, the
ADV extract had keratinase activity, and an intradermal
injection of keratinase purified from Bacillus licheniformis
induced scratching in mice (T. Andoh, Y. Takayama, and Y.
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Kuraishi, unpublished observation). Thus, dermatophyte
keratinase may be pruritogenic, but we do not deny the
possibility that the other dermatophyte proteases are also
pruritogenic.

PAR, receptor is activated via the proteolytic cleavage of
its N-terminal sequence by serine proteases (Macfarlane et
al., 2001). In the present study, the ADV extract as well as
tryptase and trypsin cleaved the N-terminal peptide of PAR,
receptor, suggesting that the ADV extract has PAR,-stimu-
lating activity. The PAR, receptor antagonist FSLLRY-NH,
(Al-Ani et al., 2002) inhibited the ADV extract-induced
scratching. The dose response of the anti-ADV effect of
FSLLRY-NH, was similar to that of its effect on scratching
induced by intradermal tryptase in mice (Ui et al., 20086).
Thus, it is suggested that the ADV extract caused scratching
via the activation of PAR, receptors. The activation of PAR,
and PAR, also causes scratching, at least partly through the
release of histamine from mast cells (Tsujii et al., 2008).
However, as mentioned above, histamine and mast cells did
not play essential roles in the scratch-inducing activity of
ADV extract, and PAR, and PAR, receptors may not be
involved in the ADV action. Tryptase almost completely
cleaved an N-terminal peptide of PAR, receptor, GRNNSK-
GRSLIGRLET-NH,, but not the analog GRNNSKGIILI-
GRLET-NH,, suggesting that the analog peptide is resistant
to trypsin-like serine protease. The ADV extract almost com-
pletely or partly cleaved the N-terminal peptide of PAR,
receptor or the analog, suggesting that although the ADV
extract has mainly trypsin-like serine protease activity, it
also has other protease activity. It is unknown whether non-
trypsin like protease activity is involved in the scratch-induc-
ing action of the ADV extract.

Because dermatophytes generally invade only keratinized
structures, the epidermis may be a causative site for der-
matophytosis pruritus. The PAR, receptors are present in a
high density in epidermal keratinocytes (Steinhoff et al.,
2003; Tsujii et al., 2009), except in the basal layer (Tsujii et
al., 2009). Keratinocytes release several itch mediators and
itch enhancers, such as leukotriene B, (Andoh and Kuraishi,
1998; Andoh et al., 2001, 2004, 2009), thromboxane A, (An-
doh et al., 2007), and nitric oxide (Andoh and Kuraishi,
2003). Recently, it has been shown that leukotriene B, is
produced in cultured keratinocytes by stimulation of PAR,
receptors and that intradermal PAR, agonist-induced
scratching is suppressed by a 5-lipoxygenase inhibitor in
mice (Zhu et al., 2009). These findings taken together raise
the possibility that serine proteases secreted by dermato-
phytes activate PAR, receptors in the epidermal keratino-
cytes to secrete itch mediators including leukotriene B,.

PAR, receptors are also present in nerve fibers in the
human skin (Steinhoff et al., 2003). In rodents, PAR, recep-
tors are expressed in neurons in the dorsal root ganglion, and
some PAR,-positive neurons contain neuropeptides such as
substance P and calcitonin gene-related peptide (Steinhoff et
al.,, 2000). It has been reported that intradermal trypsin-
induced scratching is mediated by substance P release and
mast cell degranulation, namely mediated by a neurogenic
inflammatory mechanism, in mice (Costa et al., 2008). How-
ever, in the present study, an intradermal injection of ADV
extract increased scratching in both mast cell-deficient mice
and normal littermates, thus, excluding the contribution of
mast cell in the response. In addition, an intradermal injec-
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tion of PAR, receptor agonist peptide increased scratching in
both mast cell-deficient mice and normal littermates; the
extent of scratching was similar to that in ICR mice (Tsujii et
al., 2008). In preliminary experiments, the NK; tachykinin
receptor antagonists spantide N2-[(4R)-4-hydroxy-1-(1-methyl-
1H-indol-3-yl)carbonyl-L-prolyl]-N-methyl-N-phenylmethyl-3-
(2-naphthyl)-L-alaninamide (FK888) (Fujii et al., 1992) did not
inhibit ADV extract-induced scratching (data not shown). Thus,
our data suggest that neurogenic inflammation does not play
a key role in ADV extract-induced and PAR,-mediated
scratching. It is conceivable that serine proteases from der-
matophytes act directly on the pruriceptive primary affer-
ents. However, PAR,-immunoreactive nerve-like structures
have not been observed in the skin, including the dermis just
beneath the epidermis in mice (Tsujii et al., 2009). Thus,
further studies are needed to elucidate the direct action of
serine proteases on primary afferents.

In summary, our data suggest that serine proteases se-
creted by dermatophytes cause itching through activation of
the PAR, receptors, which may be a causal mechanism of
dermatophytosis itch.
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Mice deficient for interferon regulatory factor (Irf)2 (Irf2~'~ mice)
exhibit immunological abnormalities and cannot survive lympho-
cytic choriomeningitis virus infection. The pancreas of these ani-
mals is highly inflamed, a phenotype replicated by treatment with
poly(l:C), a synthetic double-stranded RNA. Trypsinogen5 mRNA
was constitutively up-regulated about 1,000-fold in /rf2~/~ mice
compared with controls as assessed by quantitative RT-PCR.
Further knockout of IFNa/p receptor 1(Ifnar1) abolished poly(l:C)-
induced pancreatitis but had no effect on the constitutive up-reg-
ulation of trypsinogen5 gene, indicating crucial type I IFN signaling
to elicit the inflammation. Analysis of Ifnar1~/~ mice confirmed
type | IFN-dependent transcriptional activation of dsRNA-sensing
pattern recognition receptor genes MDAS, RIG-I, and TLR3, which
induced poly(l:C)-dependent cell death in acinar cells in the ab-
sence of IRF2. We speculate that Trypsin5, the trypsinogen5 gene
product, leaking from dead acinar cells triggers a chain reaction
leading to lethal pancreatitis in /2~ mice because it is resistant
to a major endogenous trypsin inhibitor, Spink3.

TRIF | IPS-1 | Ca**-binding proteins | cathepsin B

nterferons (IFNs) are cytokines whose actions contribute to the

first line of defense against infection. IFNs both render cells
resistant to viral attack and regulate cell growth and differenti-
ation (1). IFNs elicit their pleiotropic effects by regulating the
expression of many IFN-stimulated genes (ISGs). IFNs them-
selves are controlled by IFN regulatory factors (IRFs) that also
regulate the expression of ISGs. By binding to IFN-stimulated
response elements (ISREs) in gene promoters, the nine known
IRF family members (IRF1-9) govern the production of cyto-
kines related to inflammation and immune responses.

When pattern recognition receptors (PRRs) such as Toll-like
receptors (TLRs) and retinoic acid-inducible gene-I (RIG)-like
receptors detect pathogen ligands, these receptors are activated
(2) and transduce downstream signaling, activating IRFs and
IFNs. Analyses using knockout (KO) mice deficient for various
IRFs have revealed their physiological roles. For example, IRF2
functions mainly as a transcriptional repressor by competing for
binding to ISREs with other IRFs, especially IRF9 and IRF1 (1).

Irf2-deficient (Irf27'7) mice spontaneously develop inflamma-
tory skin disease as they age, and die within weeks from lympho-
cytic choriomeningitis virus (LCMV) infection (3). Ablation of
IFNa/ receptor 1 (Ifnarl) or Irf9 ameliorates the skin inflamma-
tion of Irf27'~ mice, suggesting that IRF2 negatively regulates gene
expression by antagonizing IRF9, which is activated by type I IFN
(I-IFN) (4). However, the precise mechanisms underlying the
phenotypes of /7f2~'~ are not known. In this study, we found that
poly(L:C) (pIC) mimicked LCMV-induced pancreatitis, and we
have used double KO mice to explore the cause of death in pIC-
treated Irf2~'~ mice. Our results show that significant trypsinogen5
up-regulation in Irf27~ mice together with I-IFN-dependent

18766-18771 | PNAS | November 15,2011 | vol. 108 | no. 46

transcriptional activation of dSRNA-sensing PRRs were critical for
the pIC-induced death.

Results and Discussion

Irf2~'~ Mice Show IFN-Dependent Poly(l:C)-Induced Pancreatitis and
IFN-Independent Secretory Dysfunction in Pancreatic Acinar Cells.
LCMV-infected /rf2~~ mice die within 4 wk postinfection (3),
but all Irf2~'~ mice challenged intraperitoneally with poly(1:C)
(pIC-Irf27~ mice) died within 1 wk (Fig. 14). Severe acute pan-
creatitis was apparent in pIC-Irf2”~ mice, as shown by abundant
TUNEL™ apoptotic cells (Fig. 1B). Even in the absence of pIC,
however, some abnormalities were detected in /7f27/~ pancreas, as
indicated by hematoxylin and eosin staining (Fig. 1C) and electron
microscopy (Fig. 1D). A mild infiltration of inflammatory cells
(particularly lymphocytes) was noted around Irf2~~ ductal cells,
but this pancreatitis was not typical. The pancreatic acinar cells in
untreated Irf2~~ mice were filled with eosinophilic secretory
granules of heterogeneous size, whereas fewer eosinophilic
granules of more uniform size were observed mainly in the apical
region of WT acinar cells. Interestingly, treatment of Irf2~/~ mice
with the stable cholecystokinin (CCK) analog cerulein (5) did not
cause acute pancreatitis, as assessed by electron microscopy and
serum amylase levels (Fig. S1 4 and B). Because mRNA expres-
sion of CCK receptors in If2~/~ mice was normal (Fig. S1C), these
results suggest that the secretory and/or vesicle transport systems
in Irf2~/~ mice are dysfunctional.

The mRNAs encoding the Ca®*-binding proteins Anxal0,
Ahsg, and S100-G involved in Ca2+-dependent vesicle transport,
sorting, and fusion processes were significantly up-regulated in
Irf27'~ pancreas (Table S1). The secretory dysfunction observed
in cerulein-treated Irf2~/~ mice (6), which is due to an abnormal
distribution pattern of normal levels of soluble N-ethylmale-
imide-sensitive factor attachment protein receptors (SNAREs)
(6), may be due to the abnormal expression of these Ca’*-
binding proteins in the absence of IRF2, because annexin family
proteins are known to bind and regulate SNARE:s (7).

Skin inflammation in Irf2~~ mice was rescued by abolishing
IFN signaling (4). We asked whether the atypical pancreatitis in
Irf2~~ mice could be similarly rescued by crossing the Irf2™/~
mutants to Ifnarl-, Irfl-, or Trif-deficient mice (3, 8, 9) to gen-
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erate double knockout mice. Abnormal acinar granule distribu-
tion was again observed in Irf2~"Ifnarl™=, If2”/~IrfI”'~, and
Irf27"~Trif 7~ mice (Fig. 1D). Thus, the abnormal acinar structure
caused by [rf2 disruption is not mediated by IFN signaling.

To assess pancreatitis in double knockout mice, we measured se-
rum amylase levels before and after /pIC challenge (Fig. 1E). Serum
amylase was elevated in pIC-Irf27~ and pIC-Irf27"IrfI™'~ mice.
However, this increase did not occur at all in pIC-Irf2~/~Ifnarl =/~
mice, and only to a limited extent in pIC-IRF2~~TRIF~'~ mice.
These data indicate that type I IFN signaling via IFNARI, as well
as TLR signaling via the adaptor protein TRIF, are important for
the development of pIC-induced pancreatitis in [rf2”'~ mice.
Moreover, our results show that IRF2 regulates IFN-independent
pathways affecting acinar cell secretion as well as IFN-dependent
pathways inducing pIC-mediated pancreatitis.

Up-Regulated Trypsinogen5 mRNA in the Pancreas of Irf2~'~ Mice. We
used an Affymetrix DNA microarray system to compare mRNA
expression in the pancreas before and after pIC injection of Irf27/~
and WT mice (Fig. 24). In Irf2”~ mice, 14 annotated genes were up-
regulated and 8 genes were down-regulated more than 10-fold
(Table S1) compared with WT mice. The transcriptional profiles of
genes important for the etiology of pancreatitis (10, 11) are listed in
Table 1. Strikingly, trypsinogenS mRNA was up-regulated >100-fold
in pIC-I7f27"~ pancreas, a noteworthy observation because trypsi-
nogens activate many other pancreatic enzymes, and premature in-
tracellular activation of trypsinogens in pancreatic acinar cells
triggers acute pancreatitis (10, 11). There are 20 trypsinogen genes
(T1-T20) in the murine T-cell receptor p gene locus (12), 12 of which
express trypsinogen proteins (Fig. S2, Right), whereas humans have
only 3 trypsinogen genes encoding three proteins: PRSS1, PRSS2,
and PRSS3 (Fig. S2, Left) (13). The gene expression profile of
pIC-Irf2~"~ pancreas is inflammation-prone: Mouse trypsinogen
mRNAs of T11 (Prss3) and T4 (Trypsinogen5) were up-regulated
(Table 1); the mRNA encoding cysteine protease cathepsin B
(Ctsb), an enzyme that can initiate pancreatitis by activating tryp-
sinogens (14-16), was also up-regulated (Table 1). The mRNA
encoding chymotrypsin C (Ctrc) was down-regulated and another
anti-inflammatory factor inter-a-trypsin inhibitor was also down-
regulated, although the mRNA encoding Kazal type 3 (Spink3),
a serine protease inhibitor that blocks trypsin activity (17), was
slightly up-regulated.
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Fig. 1. Irf2 deficiency induces sensitivity to poly(1:C) and pan-
creatitis. (A) Survival curve after pIC challenge. WT and Irf2-
deficient (/rf2~") mice were induced by i.p. pIC challenge (250
ng). All of the Irf2~ mice were deceased within a week,
compared with WT mice. (B) Following pIC stimulation, many
cells were TUNEL-positive, indicating apoptosis and severe acute
pancreatitis in Irf2~~ mice. (C and D) Hematoxylin and eosin (HE)
staining (C) and electron microscopic observation (D) were done
to examine the pancreas histologically in WT, /rf27~, and double
KO mice (Irf2""Ifnar1™"=, Irf2”~Irf17"~, and Irf2~"Trif ). () To
assess pancreatitis, we monitored serum amylase levels with (+)
and without (=) pIC challenge.

We examined the tissue specificity and dependency on IRF2
and IFNARI1 of trypsinogenS expression by quantitative RT-
PCR. In untreated WT mice, trypsinogen5 is expressed most
highly in pancreas and skin and modestly in spleen (Fig. S34). In
untreated Irf2~~ mice, trypsinogen5 expression in the pancreas
was up-regulated ~1,000-fold compared with controls, and was not
affected by IFNARI1 ablation. TrypsinogenS mRNA was up-regu-
lated in 7727 spleen to a much lower extent than in /27~ pan-
creas, and was not detectable in liver or lung of WT or Irf27/~ mice.

We examined the effects of various IRFs on the activity of the
murine #rypsinogen5 promoter, which contains seven ISREs. We
cloned a 1.1-kb fragment of the #rypsinogen5 promoter region
(—1063 to +15) to create a series of promoter deletion construct
mutants driving the firefly luciferase reporter gene (Fig. 2B, Left).
These were transfected into HEK293T cells along with plasmids
overexpressing murine IRF1, human IRF5, IRF7, or MyDS§8.
MyD88 was required for IRF-mediated activation of #rypsinogen5
ISREs, and significant promoter activity was observed when IRF1,
IRFS5, or IRF7 was overexpressed (Fig. S3B). Furthermore, the —216
to +15 promoter region of trypsinogen5 was sufficient for responses
to IRF1 or IRF7 stimulation (Fig. S3C). Overexpression of [RF2
inhibited IRF1- or IRF7-stimulated promoter activity in a dose-de-
pendent manner (Fig. S3D). These data suggest that IRF2 binds to
the proximal promoter of #ypsinogen5 and inhibits the access of
IRF1, IRFS3, and IRF7 to ISRE sites in this region.

To confirm this hypothesis, we transfected TGP49 cells, a mouse
acinar cell line, with trypsinogen5 promoter deletion series re-
porters as well as with plasmids expressing IRF1, -5, or -7, and
assessed the promoter activities (Fig. 2B, Right). The basal pro-
moter activity was drastically decreased by deleting the —216 to
—100 region containing two ISREs, a nuclear factor-activated T
cell (NFAT), and an activator protein 1 (AP-1) binding site. In
contrast to 293T cells, the mmypsinogen5 promoter in TGP49 cells
could be activated by exogenously expressed IRF5 or IRF7 without
MyD88 (Fig. 34). The promoter could not be activated by IRF1
even in the presence of MyD88 expression. The regions responsive
to IRF5 and IRF7 were confirmed to be ISRE4 (—62 to —59) and
ISRE3 (—55 to —49) by site-specific mutation analysis (Fig. 2C).
The IRF5- and IRF7-dependent promoter activities were signifi-
cantly (P < 0.05) enhanced by knocking down Irf2 with specific
siRNA compared with control (scrambled) siRNA (Fig. 34).
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The TATA box, ISRE core, and NFAT- and AP-1 binding sites are indicated. *P < 0.05 versus the —216 to +15 region. (C) Point mutations were introduced into
each ISRE site (indicated by x) of the trypsinogen5 promoters as described in Materials and Methods. The promoter activity of each mutant trypsinogen5 was

determined with a dual luciferase assay system. *P < 0.05 versus wild type.

To confirm IRF2 binding to the proximal promoter of tryp-
sinogen5 in pancreatic acinar cells in vivo, we performed chro-
matin immunoprecipitation (ChIP) assays in TGP49 cells using
specific PCR probes spanning all seven ISREs (-173 to +56) in
the trypsinogen5 promoter. Anti-IRF2 antibody specifically pre-
cipitated the trypsinogen5 promoter, as determined by semi-
quantitative PCR (Fig. 3B) and real-time PCR (Fig. 3C). These
results suggest that in WT mice, trypsinogen5 expression in
pancreatic acinar cells is repressed by the binding of IRF2 to
ISREs in the proximal promoter region. However, in Irf27/~
mice, the trypsinogen5 gene is activated because IRFS5 and IRF7
can access the ISREs in the absence of IRF2.

IRFS and IRF7 are critical inducers of the expression of
proinflammatory cytokines and type I IFNG, respectively (18, 19),
and these activities require MyD88. In WT cells, IRF4 inhibits
IRFS5 function by sequestering MyD88 (18). IRF2 did not asso-
ciate with MyD88 (18) but, in our study, it did bind to the ISRE-
containing region in the trypsinogenS promoter (Fig. 3 B and C).
Therefore, we postulate that IRF2 inhibits IRFS and IRF7 ac-
tivity by competing with them for binding to ISREs, rather than
by sequestering MyD&8.

Trypsinogen5 Is Resistant to the Trypsin Inhibitor Spink3. Compari-
son of mouse trypsinogenS to other mouse and human trypsi-
nogens (Fig. S4) showed that, although the N-terminal activation
peptide sequence (NSDDK-I) in trypsinogenS differs from that
in other trypsinogens (DDDDK-I), other important regions,
including the triad amino acid sequence H-D-S, required for
enzymatic activity are conserved (10, 11). In addition, tryptic
activity in cell lysates of 293FT cells overexpressing trypsinogen5
was dramatically enhanced by treatment with enteropeptidase
(Fig. 4 A and B). The trypsinogen5 inhibitor binding site
(DSCDGDS), which prevents premature activation, differed

18768 | www.pnas.org/cgi/doi/10.1073/pnas.1116273108

from that found in most trypsinogens (DSCQGDS) (10, 11),
resembling the inhibitor binding site (DSCQRDS) of the human
trypsin inhibitor-resistant PRSS3 enzyme. In addition, the trypsin
autolytic cleavage site (Q-V) in trypsinogen5 differed from that
in other trypsinogens (R-V), suggesting that trypsinogenS5 is re-
sistant to both trypsin inhibitors and self-inactivation. Indeed,
trypsinogen5 was resistant to inhibition by Spink3, a major en-

Table 1. Expressions of relevant genes to pancreatitis
Irf27= Irf27-
Gene transcripts WT (=)  WT (pIQ) (=) (pICQ)
Prss1 (T16, Trypsin1) 11,161 13,863 10,388 13,788
Prss2 (T20, Trypsin 2) 16,041 15,661 15,857 15,494
Prss3 (T11, Trypsin 3) 1,155 1,131 3,059 1t 2,395t
Trypsinogen5 70 57 13,514 ¢ 14,287 1
(T4, 1810009J06Rik)
Chymotrypsin C (Ctrc) 545 368 87 | 1194
Chymotrypsinogen B 1 (Ctrb1) 19,417 18,772 20,457 19,919
Amylase2-2, pancreatic (Amy2b) 19,101 18,488 17,092 18,261
Calcium-sensing receptor (Casr) 37 37 30 26
Cystic fibrosis membrane 7 6 1 8
conductance regulator (Cftr)
Cathepsin B (Ctsb) 349 443 848 1 794 t
Serine protease inhibitor, 4,716 3,957 7,497 7,774
Kazal-type 3 (Spink3)
Inter-a-trypsin inhibitor, 375 212 78 | 711
heavy chain 4 (Itih4)
Galanin (Gal) 879 1,057 213 | AR

The levels of gene expression in the pancreas are shown in Affymetrix units.
The trypsinogen5 data are Point 1 in Fig. 2.
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dogenous trypsin inhibitor in mice (Fig. 4 C and D), as well as by
soy bean trypsin inhibitor (Fig. S5 4 and B). Analysis of the
evolutionary pedigree in Fig. S6 showed that mouse trypsinogen5
is most distant from mPrss1 and mPrss2, just as human PRSS3 is
most distant from PRSS1 and PRSS2. Therefore, we believe that
mouse trypsinogen5 is a homolog of human PRSS3. Moreover,
our data suggest that, in the absence of IRF2, trypsinogen5 is
highly expressed and exacerbates pIC-induced pancreatitis due
to its inhibitor-resistant nature.

Poly(I:C)-Induced Cell Death Can Be Triggered by a TLR3/TRIF-
Dependent Pathway or a RIG-I/MDA5/IPS-1-Dependent Pathway. Al-
though trypsinogen5 was up-regulated in untreated IRF27~
mice, only mild inflammation around acinar cells was observed
and pancreatitis did not occur. We hypothesize that trypsinogen5
as well as mPrss1, -2, and -3 leaking from dying acinar cells are
activated by proteases such as cathepsin B or enteropeptidase,
also released from these cells. These activated trypsins trigger
signals to induce the death of many acinar cells, a process of cell

IgG. The precipitated chromatin fragments were detected
by PCR with a trypsinogen5 promoter-specific primer set
at 35 cycles or a negative control primer set for angio-
tensinogen (Agt) exon2 at 30 (Upper) and 35 (Lower)
cycles. The input before precipitation indicates the pre-
dicted size (Trp5, 229 bp; Agt, 221 bp) of the PCR product.
(C) The ChIP assay done in B was quantitatively measured
using a real-time PCR method with the same primers. The
relative amounts of f-actin were calculated, and the
amounts of chromatin fragments precipitated with
the anti-IRF2 antibody were shown relative to those with
the nonspecific control antibody (IgG). *P < 0.01 versus
control IgG.
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death amplification we refer to as the “enhancing loop” of acinar
cell death. In this way, the initial death of a few cells induced by
pIC can precipitate severe pancreatitis. This idea is supported by
a report that the extracellular or intracellular treatment of
pancreatic acinar cells with active trypsins causes acinar cell
death (20). In this study, the enteropeptidase cleavage site
(-DDDDK-) of rat trypsinogen was replaced with a cleavage site
(-RTKR-) recognized by paired basic amino acid-cleaving en-
zyme (PACE). This allowed the rat trypsinogen to be activated
intracellularly with the ubiquitously expressed PACE enzyme
rather than with enteropeptidase, which is expressed mainly in
the duodenum. We created a PACE-trypsinogen5 enzyme that
successfully induced the apoptosis of 293FT cells when overex-
pressed (Fig. 4 E and F). These results indicate that proteolytic
activation of trypsinogenS is sufficient to induce cell death.
Because pIC-dependent pancreatitis in Irf2~'~ mice can be
prevented by inactivating IFNAR1 signaling (Fig. 1E), we fo-
cused on IFN signaling pathways to identify candidates that
might trigger initial cell death following pIC treatment. Indeed,
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PACE-Trypsinogen5

inhibitor in mouse pancreas, to lysates expressing trypsinogen5
T (C) or mouse Prss1 (D). (E) The DNA sequence encoding the
activation peptide in the trypsinogen5 expression vector was
replaced with sequences encoding a PACE cleavage site
(-RTKR-) so that tryptic activity is activated by ubiquitously
expressed PACE protease. (F) 293FT cells transfected with
PACE-trypsinogen5 or control vector were stained with FITC-
labeled annexin V to detect apoptosis.
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IRF1, IRF7, MyD88, MDA5, RIG-1, and TLR3 gene expression
were all up-regulated in the pancreas of pIC-Irf2~~ mice (Table
S2). Because these proteins are associated with cell death
pathways dependent on TRIF or IPS-1, we examined the effect
of IRF2 loss on these well-characterized systems (21, 22). TRIF
binds to receptor-interacting proteins and thereby activates
caspase8 via FADD to induce cell death (21), whereas the IPS-1-
dependent cell death pathway, which is triggered by MDAS or
RIG-I, is reported to activate caspase9 via the mitochondrial
pathway dependent on Apaf-1 and cytochrome ¢ (22). We con-
firmed that 293FT cells transfected with TRIF-expressing plas-
mid underwent apoptosis, as shown by staining with FITC-
labeled annexin V (Fig. 5B). Next, we used the MTT viability
assay to quantify the extent of cell death induced by IFN-related
molecules in the presence or absence of pIC and IFNa. Exoge-
nous overexpression of IPS-1 or TRIF significantly enhanced the
death of pIC- and IFN-treated 293FT cells, and the death-in-
ducing effects of MDAS and RIG-I were enhanced by cotrans-
fection with IPS-1 (Fig. 54). These results suggest the existence
of at least two pIC-dependent cell death pathways: one TLR3/
TRIF-dependent and one RIG-I/MDAS5/IPS-1-dependent.

We used real-time PCR to examine the induction of TLR3,
RIG-I, and MDAS5 mRNAs in pIC-treated WT, Irf27~, and
Irf2”"Ifnarl™"~ mice. The levels of all three mRNAs were in-
duced by nearly 100-fold in both pIC-WT and pIC-frf2~/~ mice,
and these increases were abolished by deletion of IFNARI1 (Fig.
5 C-E). The IFN signal activation triggered by pIC is essential to
initiate TLR3/TRIF- and RIG-I/MDAS/IPS-1-dependent acinar
cell death, but is not sufficient to cause pancreatitis (Table S3).
The elevation of trypsinogen5 expression mediated by abolishing
IRF2 is also necessary for enhancing the cell death leading to
lethal pancreatitis.

Activation Mechanisms of Mouse Trypsinogen5 and Human PRSS3.
Trypsinogens (including trypsinogen5) can be activated in pan-
creatic acinar cells, or in other cells or tissues by enteropeptidase
expressed in nonduodenal cells (23) such as in keratinocytes and
oral carcinoma cells (24, 25). It is possible that keratinocyte-
expressed enteropeptidase activates the trypsinogen5 expressed
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in skin (Fig. S34), promoting age-dependent skin inflamma-
tion in Irf2~'~ mice (4). Another possibility could be that pro-
teases in addition to enteropeptidase can cleave pancreatic
trypsinogenS. We have confirmed that cathepsin B, whose ex-
pression was elevated in [rf27/~ mice, can activate trypsinogen3
in vitro (Fig. S5C). The last possibility is that autocatalytic
cleavage of trypsinogen, usually restricted under steady-state
conditions, is accelerated in response to chemical stress or viral
infection. Indeed, the autoactivation of trypsinogen is reportedly
accelerated in low pH or by Ca** in vitro (26).

In conclusion, this study has identified important genes asso-
ciated with IRF2 functions in mice. Our results suggest that IRF2
influences the expression of mouse trypsinogen5, whose human
counterpart is PRSS3. Our data should therefore help to eluci-
date new IRF functions in humans.

Materials and Methods

Mice. /rf1™"~ and Irf2”"~ mice have been described (3). IFNa/f receptor 1
(Ifnar1)™~ mice were purchased from B&K Universal (8). TRIF”~ mice have
been described (9). /rf2""Ifnart™", Irf2~""Irf17"~, and Irf2~""Trif "~ double
mutant mice were generated by crossing Irf2*/~ with fnar1~"~, Irf1~"~, and
Trif~ mice, respectively. All mice were maintained under specific pathogen-
free conditions and used at 6-12 wk of age. All experiments were performed
according to institutional guidelines.

Cells. Human embryonic kidney (HEK)293T and 293FT (Invitrogen) cells and
Hela cells were cultured in DMEM supplemented with 10% FBS. Mouse
pancreatic acinar TGP49 cells were cultured in a 1:1 mixture of DMEM and
Ham’s F-12 medium supplemented with 10% FBS.

Histological Analysis. Pancreas tissues were fixed overnight in 10% formalin,
embedded in paraffin, sectioned, and stained with hematoxylin (0.4%) and
eosin (0.5%) for light microscopic analysis. For electron microscopic analysis,
the tissues were fixed in 2.5% glutaraldehyde solution buffered to pH 7.4
with 0.1 M phosphate buffer for 4 h at 4 °C. Postfixation was performed with
2% osmium tetroxide solution buffered to pH 7.4 with the same buffer for
2 h at 4 °C, and they were embedded, sectioned, and doubly stained with
uranyl acetate and lead nitrate.

Hayashi et al.
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Microarrays. Total RNAs from the pancreas of wild-type and /rf2~'~ mice aged
6 wk, harvested 3 h after no injection or a peritoneal injection with 250 pg
poly(I:C), were used in the array studies. The quality of the RNA was assessed
with an Agilent 2100 Bioanalyzer, and samples of 100 ng total RNA were
reverse-transcribed and then amplified by in vitro transcription according to
Affymetrix standard protocols. The mouse Affymetrix GeneChip Mouse Gene
1.0 ST Array was used in all hybridizations. These arrays contain probes rep-
resenting transcripts for 28,815 mouse gene entities. Microarray data were
analyzed using Affymetrix Expression Console software and Gene Spring GX,
whereas differentially expressed genes were identified with annotation.

Real-Time RT-PCR. Total RNA was prepared from tissues using the acid phenol-
guanidinium thiocyanate method after immersing the tissues for more than
overnight in RNAlater Solution (Ambion). Reverse transcription was
conducted for 60 min at 46 °C from 200 ng of purified total RNA using Su-
perScript [l (Invitrogen), followed by 45 cycles of PCR (15-s denaturation at
95 °C, 25-s annealing at 55 °C, and 15-s extension at 72 °C). An SYBR Green
PCR Kit (Qiagen) was used to monitor the PCR products on a LightCycler 1.5
and real-time PCR detection system (Roche). Primers designed for the re-
spective genes are listed in S/ Materials and Methods.

Plasmid Constructs. cDNAs encoding human IRF5, IRF7, and IPS-1 were gen-
erated from total RNA prepared from 293T cells by RT-PCR using KOD-FX DNA
polymerase (Toyobo). Human MDAS5, RIG-I, and TLR3 cDNAs were generated
from total RNA prepared from THP-1 (a human leukemia cell line) or HeLa cells
by RT-PCR. Mouse Trypsinogen5, Prss1, and Spink3 cDNAs were made from total
RNA prepared from WT mouse pancreas by PCR. All constructs generated by PCR
were confirmed by DNA sequencing. The pTrypsinogen5-Luc reporter plasmid
was constructed by inserting the promoter region (~1063 to +15) of the mouse
trypsinogen5 gene by PCR into the pGL2-Basic vector. A series of deletion
mutants was prepared using proper restriction enzymes (Ncol at —833; Spel at
—579; Scal at —386; Pvull at —216) and a specific primer for the —100 site. The
promoter region (—216 to +15) of the mouse trypsinogen5 gene was used to
introduce point mutations into the ISREs. The point mutations of ISRE3 (-55 to
—49, ATTGAAA—GTTTGCG), ISRE4 (—62 to —59, TTTC—CGCA), and ISRE5 (-84
to —78, AATGAAA—GATTGCG) were introduced by overlap PCR mutagenesis.
All constructs generated by PCR were confirmed by DNA sequencing.

PACE-Trypsinogen5 was constructed by replacing the activation peptide
(-NSDDK-) of mouse trypsinogen5 cDNA with the PACE recognition peptide
(-RTKR-) by overlap PCR mutagenesis.

Luciferase Reporter Assay. 293T cells (1 x 10° per well) were plated in 24-well
plates and transfected 24 h later with 200 ng of the firefly luciferase reporter
plasmid pTrypsinogen5-Luc, using FUGENE6 (Roche), along with each expression
vector (20 ng unless otherwise stated) as indicated. In all cases, cells were trans-
fected with 20 ng pRL-TK (thymidine kinase promoter-driven Renilla luciferase
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reporter gene; Promega) to normalize the transfection efficiency. TGP49 cells
(1 x 10° per well) were plated in 12-well plates and transfected 24 h later with
1 ug of the firefly luciferase reporter plasmid pTrypsinogen5-Luc using Lipofect-
amine 2000 (Invitrogen), along with each expression vector (100 ng unless oth-
erwise stated) as indicated. In all cases, cells were transfected with 20 ng pRL-RSV
(RSV promoter-driven Renilla luciferase reporter gene). At 26 h posttransfection,
luciferase activity was determined with a dual luciferase assay system (Promega).
Mouse IRF2-specific and control siRNAs were purchased from Santa Cruz Bio-
technology.

Chromatin Immunoprecipitation. Nuclear extracts from TGP49 cells were sub-
jected to DNA-protein cross-linking with 1% formaldehyde for 5 min. After
extensive washing, the samples were suspended in 500 uL of 150 mM Nacl, 25
mM Tris (pH 7.5), 5 mM EDTA, 1% Triton X-100, 0.1% SDS, and 0.5% deoxy-
cholate and sonicated. After centrifugation at 14,000 rpm for 10 min at 4 °C,
the supernatants were immunoprecipitated with 0.5 pg anti-IRF2 antibody, or
the corresponding IgG (Sigma) (as a control), and Protein A Sepharose4B Fast
Flow beads. The amounts of precipitated DNA were quantified by PCR using
a pair of mouse Trypsinogen5 promoter-specific primers and Angiotensi-
nogen exon2-specific primers (SI Materials and Methods).

Trypsin Activity Assay. Trypsin activity was monitored by the amount of
released p-nitroanilide (pNA) from a specific substrate, measuring spectro-
photometric units at 405 nm (A4gs) (Trypsin Activity Assay Kit; BioVision). Cell
lysates prepared at 48 h posttransfection of the indicated expression plasmids
were used with or without enteropeptidase (light chain, porcine; GenScript).

Cell Death Assay. Pancreatic tissues were used in a TUNEL assay. Briefly, tissue
sections were incubated with 20 pg/mL proteinase K for 20 min, followed by
inhibition of endogenous peroxidase by incubation with 2% H,0, for 7 min.
TdT (GIBCO-BRL) and biotinylated dUTP (Roche) in TdT buffer [0.1 M po-
tassium cacodylate (pH 7.2), 2 mM CoCl,, 0.2 mM DTT] were added to the
sections and incubated in a humid atmosphere at 37 °C for 90 min after
immersion in TdT buffer. The reaction was terminated by transferring the
slides to TB buffer (300 mM Nacl, 30 mM Na citrate) for 30 min. The sections
were covered with 10% rabbit serum for 10 min and then with the avidin-
biotin peroxidase complex for 30 min. Finally, 3,3’-diaminobenzidine (DAB)
was used as the chromogen. To detect apoptotic cells, FITC-conjugated
annexin V (BioVision) was used according to the manufacturer’s instruction.
An MTT (ICN) assay to assess living cells was performed according to the
manufacturer’s instruction.
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Runx1PNPIN mice are deficient in the tran-
scription factor distal promoter-derived
Runt-related transcription factor 1 (P1-
Runx1) and have a > 90% reduction in the
numbers of basophils in the BM, spleen,
and blood. In contrast, Runx1P"NPIN mice
have normal numbers of the other granulo-
cytes (neutrophils and eosinophils). Al-
though basophils and mast cells share some
common features, Runx1PINPIN mice have
normal numbers of mast cells in multiple
tissues. Runx1PNPIN mice fail to develop a

basophil-dependent reaction, IgE-mediated
chronic allergic inflammation of the skin,
but respond normally when tested for IgE-
and mast cell-dependent passive cutane-
ous anaphylaxis in vivo or IgE-dependent
mast cell degranulation in vitro. These re-
sults demonstrate that Runx1PNPIN mice
exhibit markedly impaired function of baso-
phils, but not mast celis. Infection with the
parasite Strongyloides venezuelensis and
injections of IL-3, each of which induces
marked basophilia in wild-type mice, also

induce modest expansions of the very small
populations of basophils in RunxfP1NPIN
mice. Finally, Runx1P"PIN mice have nor-
mal numbers of the granulocyte progenitor
cells, SN-FIk2+/-, which can give rise to all
granulocytes, but exhibit a > 95% reduction
in basophil progenitors. The results of the
present study suggest that P1-Runx1 is criti-
cal for a stage of basophil development
between SN-FIk2+/~ cells and basophil pro-
genitors. (Blood. 2012;120(1):76-85)

Introduction

Basophils are the least prevalent of the granulocytes, generally
representing less than 1% of leukocytes in the peripheral blood.
Basophil studies have been hampered by the rarity of these cells
and, until recently, the lack of tools such as basophil-deficient mice
with which to assess their roles in vivo. However, recent studies
have unveiled evidence for several previously unrecognized roles
for basophils that are distinct from those of mast cells.!-!!

In addition to hampering investigations of basophil function,
the small numbers of basophils and the paucity of tools for their
analysis have made studies of basophil development challenging
and therefore there have been few studies of this process. Arinobu
et al showed that basophil lineage-restricted progenitors (BaPs) are
identifiable in the BM and that the transcription factor CCAAT/
enhancer-binding protein-a (C/EBPa) is important for the fate
decision to develop into terminally differentiated basophils.!?
Ohmori et al reported that the IL-3—-STATS axis is important for
differentiating granulocyte-monocyte progenitors to BaPs,'* and
Siracusa et al showed that thymic stromal lymphopoietin (TSLP)
can facilitate the development of BaPs into mature basophils.?

Despite such progress, many of the details of the basophil
differentiation pathway remain to be determined. For example, it
is known that IL-3-deficient,®415 TSLP receptor (TSLPR)-
deficient,8 and IL-3/TSLPR double-deficient® mice have normal
baseline numbers of basophils, indicating that other factors are
more important in maintaining basophil levels at baseline. More-
over, C/EBPa-deficient mice die within 8 hours of birth!® and
STATS5-deficient mice die in utero,!” limiting the ability to use these

animals to evaluate factors that might regulate basophil develop-
ment at baseline in adult mice in vivo.

Runt-related transcription factor (Runx) proteins are a family of
transcription factors!®1° that have crucial roles during the develop-
ment of many tissues and the immune system. Each of the 3 kinds
of Runx proteins, Runx1, Runx2, and Runx3,!920 has distinct roles
in development, with Runx1 being required for hematopoiesis,'s
Runx2 for osteogenesis,?!?? and Runx3 for neurogenesis, thymopoi-
esis, and the control of gastric epithelial-cell proliferation.?3-2
Although a constitutive deficiency in Runx1 is embryonically
lethal, studies of conditional Runx1-knockout mice have indicated
that Runx1 can regulate the differentiation of hematopoietic stem
cells (HSCs), B lymphocytes, natural killer T (NKT) cells, and
T lymphocytes.!826-30 Mx-Cre Runx1-knockout mice, which have
an inducible Runx1 inactivation system, exhibit normal numbers of
HSCs, a normal myeloid-cell (neutrophil) compartment, a severe
reduction in megakaryocyte differentiation and platelet formation,
and defects in B and T lymphocytes.3! All 3 Runx genes can be
transcribed from the distal (P1) or proximal (P2) promoters,3? and
P1- and P2-derived Runx1 variants differ in their N-terminal end
sequences. It has been reported previously that variation in the
expression of P1- versus P2-Runx1 can be regulated developmen-
tally, but it remains to be elucidated how such Runx1 variants
influence the development of different types of immune cells.3?

We report herein evidence indicating that P1-derived Runxl1 is
important for basophil development in mice at baseline. P1-Runx1—
deficient mice have a drastic reduction (more than 90%) in
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basophils but normal numbers of the other granulocytes (neutro-
phils and eosinophils) and normal numbers of mast cells in multiple
anatomic sites. The results of the present study strongly suggest
that, in mice, P1-Runx1 is an important regulator of the differentia-
tion of basophils, but not other granulocytes, and plays a nonredun-
dant role in basophil, but not mast cell, development.

Methods
Mice

RunxIPNPIN mice, which have been described previously,> were back-
crossed onto a C57BL/6 background (8-10 generations, 6-12 weeks of age).
We mated RunxI®'™N'* mice and RunxI®'™'* mice in our animal facility to
obtain RunxIP™NPIN mice and littermate Runx!** wild-type (WT) control
mice. All animal care and experimentation was conducted according to the
guidelines of RIKEN, Stanford University, and the National Institutes of
Health with the specific approval of the institutional animal care and use
committee of Stanford University.

Abs, flow cytometry, and cell culture

The Abs used for cytometry were from BD Pharmingen, eBiosciences, or
BioLegend. For analysis of lineage cells, we used mIgE-biotin (R35-72),
CD49b-Alexa Fluor 488 (DXS5), Gr-1-FITC (RB6-8C5), Siglec-F-PE
(E50-2440), NK-1.1-APC (PK136), B220-APC (RA3-6B2), CD11c¢-FITC
(HL3), c-Kit-APC (2B8), FceRIla-PE (MAR-1), CD3-FITC (145-2C11),
CD4-FITC (L3T4), CD8-APC (53-6.7), and CD11b-FITC (M1/70). Sur-
face staining was performed for 15-20 minutes with the corresponding
mixture of fluorescently labeled Abs. Data were acquired on a FACSCalibur
flow cytometer or FACSAria II cell sorter (BD Biosciences) and analyzed
with FlowJo Version 8.8.6 software (TreeStar). The cell sorting technique
used has been described previously.?® Briefly, BM cells were depleted for
the lineage markers CD3 (145-2C11), CD4 (L3T4), CD5 (53-7.3), CD8
(53-6.7), B220 (RA3-6B2), Gr-1 (RB6-8C5), CD11b (M1/70), and Ter119
(Ter-119) by MACS LD columns with anti-rat IgG microbeads (Miltenyi
Biotec). SN progenitors were sorted on a FACSAria I cell sorter using the
labeled mAbs Pacific Blue—conjugated CD3 (145-2C11), CD4 (L3T4),
CD8 (53-6.7), CD11b (M1/70), Ter119 (Ter-119), Gr-1 (RB6-8C5), Sca-1—
PE/Cy5.5 (D7), B7-integrin—PE (M293), c-Kit-APC-eFlour780 (2B8),
CD150-PE/Cy5 (TC15-12F12.2), Ly6C-FITC, FceRIa-FITC (MAR-1),
CD71-FITC (RI7217), CD41-FITC (MWReg30), CD27-APC (LG.3A10),
and Flk2-biotin (A2F10). BaPs were sorted on a FACSAria II using the
following labeled mAbs: FITC-conjugated CD4 (L3T4), CD8 (53-6.7),
Gr-1 (RB6-8C5), CD11b, B220, CD1lc, FeeRla-PE (MAR-1), CD34-
eFlour660 (RAM34), and c-Kit-APC-eFlour780 (2B8). Basophil mast cell
bipotential progenitors (BMCPs) were sorted on a FACSAria II using the
following labeled mAbs: Pacific Blue—conjugated CD3 (145-2C11), CD4
(L3T4), CD8 (53-6.7), CD11b (M1/70), Ter119 (Ter-119), Gr-1 (RB6-8C5),
B7-integrin—PE (M293), c-Kit-APC (2B8), and PE-Cy7-FcyR.93 Single
cells were sorted using a FACSAria II into 96-well round-bottom plates
containing growth medium (IMDM) supplemented with 20% FCS and IL-3
(30 ng/mL), IL-5 (20 ng/mL), IL-6 (10 ng/mL), GM-CSF (20 ng/mL), and
SCF (20 ng/mL). All cytokines were purchased from PeproTech. After
7 days in culture at 37°C, half of each well was removed from culture and
the remaining half was supplemented with fresh medium and growth
factors. The half that was removed was split into 2 parts: half was analyzed
by flow cytometry on a LSRFortessa (BD Biosciences) and the other half
was used for cytospin followed by anti-mMCP-8 staining® and May-
Grunwald-Giemsa staining as described previously3536; we performed
those analyses again after an additional 4 days of culture. For some BMCP
cultures, in addition to the culture medium described above (containing
5 cytokines), we used medium containing 10 cytokines, namely, IMDM
supplemented with 20% FCS with SCF (20 ng/mL), IL-3 (20 ng/mL), IL-5
(50 ng/mL), IL-6 (20 ng/mL), IL-7 (20 ng/mL), IL-9 (50 ng/mL), IL-11
(10 ng/mL), GM-CSF (10 ng/mL), erythropoietin (2 units/mL), and
thrombopoietin (10 ng/mL; R&D Systems), as described by Arinobu et al.!?
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Semiquantitative RT-PCR analysis

Total RNA was prepared from total BM cells and then subjected to
first-strand cDNA synthesis with RT using oligo-dT primers. Semiquantita-
tive PCR was performed with 3-fold serially diluted cDNA templates. The
primers were described previously.3¢

IgE-mediated chronic allergic skin inflammation

IgE-mediated chronic allergic skin inflammation was elicited as described
previously.’” Briefly, mice were passively sensitized with IgE by an IV
injection of 300 pg of trinitrophenol (TNP)-specific IgE (IGELb4).%® The
next day, 10 pg of TNPll-conjugated ovalbumin (OVA; Biosearch
Technologies) in 10 pL of PBS was injected intradermally into the left ear
pinna of the mice under light anesthesia, and an equal amount of OVA was
injected into the right ear pinna using a microsyringe. Ear thickness was
measured with a dial thickness gauge (G1-A; Oazki) at the indicated time
points. The difference in ear thickness was calculated at each time point.

Passive cutaneous anaphylaxis

Mice were sensitized passively with an intradermal injection of 2 pg of
DNP-specific IgE (SPE-7; Sigma-Aldrich) in 20 pL of PBS into the right
ear pinna. As a control, the same volume of PBS was injected into the left
ear pinna. The mice were challenged 24 hours later with an IV injection of
250 pg of DNP3-BSA (LSL) plus 1.25 mg of Evans blue dye (Sigma-
Aldrich) in 250 p.L of PBS. Thirty minutes after antigen challenge, the mice
were euthanized, and the Evans blue dye was extracted from each dissected
ear pinna in 500 pL of acetone/water (7:3) at 37°C overnight. The Evans
blue in the extracts was measured with a spectrophotometer at 620 nm and
calculated based on the standard.

BMCMC degranulation assay

For the BM-derived cultured mast cell (BMCMC) assay, cells were
sensitized with 1 pg/mL an anti-DNP IgE mAb (SPE-7 or €-26%) for
12 hours at 37°C. After sensitization, the cells were washed twice with
Tyrode buffer (10mM HEPES, pH 7.4, 130mM NaCl, SmM KCl, 1.4mM
CaCl,, 1mM MgCl,, and 5.6mM glucose), suspended in the same buffer
containing 0.1% BSA, and stimulated with polyvalent dinitrophenyl-human
serum albumin (DNP,3-HAS; Biosearch Technologies) at 0, 6.25, 12.5, 25,
50, and 100 ng/mL for 30 minutes. For the B-hexosaminidase reaction,
50 pL of supernatant or cell lysate and 100 pL of 1.3 mg/mL p-nitrophenyl-
N-acetyl-D-glucosamide (in 0.1M citrate, pH 4.5) were added to each well
of a 96-well plate, and the color was developed for 60 minutes at 37°C. The
enzyme reaction was then stopped by adding 150 pL of 0.2M glycine-
NaOH, pH 10.2, and the absorbance at 405 nm was measured in a
microplate reader (Bio-Rad). Cells were lysed with Tyrode buffer con-
taining 1% Triton X-100 and the 8-hexosaminidase activity was measured.
The percentage of B-hexosaminidase released was calculated using the
following formula: release (%) = supematant/(supernatant + cell lysate) X 100.

Histologic analysis

Ear, back skin, and stomach specimens were fixed with 10% formalin and
embedded in paraffin. Then, 4-pm sections were stained with 0.1%
Toluidine blue for histologic examination of mast cells. Mast cells were
quantified according to area (per square millimeter) for ear and back
skin and per linear millimeter of tissue for glandular stomach and
forestomach. Images were captured with an Olympus BX60 microscope
using a Retiga-2000R QImaging camera run by Image-Pro Plus Version
6.3 software (Media Cybernetics).

ELISA

BMCMCs from WT or RunxIPINPIN mice were sensitized with an
anti-DNP IgE mAb® overnight and then stimulated with 10 ng/mL of
DNP,3-HSA (Biosearch Technologies) for 16 hours. ELISA for IL-6 was
performed using an ELISA kit from BD Biosciences.
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Figure 1. Runx1PNPIN mice have markedly reduced numbers of basophils. (A) BM, spleen, and blood were isolated from WT and Runx1PINPIN mice and stained with
anti-IgE and anti-DX5 mAbs. Data shown are representative of 5 independent experiments, each of which gave similar results. (B) The numbers of basophils are shown as
means + SEM. ***P < .0001; no asterisks, P > .05. (C) Semiquantitative RT-PCR analysis for Mcpt8, which encodes mMCP-8, was performed using RNA prepared from total
BM cells from WT or Runx1PNPIN mice. cDNA was diluted 3-fold. Data shown are from 1 of 3 independent experiments, each of which gave similar results.

Nematode infection

WT or RunxIPINPIN mice were infected with 10 000 Strongyloides venezu-
elensis 1.3 larvae. BM and spleen were analyzed 8 days after infection.

Treatment with cytokines in vivo

WT or RunxIPNPIN mice were treated with daily IP injections of IL-3
(200 ng/d; PeproTech) for 7 consecutive days, TSLP (400 ng/d; R&D
Systems) for 5 consecutive days, or vehicle (PBS) for 7 or 5 consecutive
days. Basophils in the BM and spleen were analyzed the day after the
7th day (for IL-3 vs PBS) or 5th day (for TSLP vs PBS) injection. The IL-3
complex (IL-3 10 p.g plus anti-IL-3 Ab 10 pg; MP2-8F8; BD Biosciences)
was prepared as described previously!? and mice were analyzed 3 days after
a single IV injection.

Results
Basophils are severely reduced in Runx1P1NPIN mjce

To investigate the roles of the P1-Runx1 variant protein in vivo, we
recently established mice in which the N-terminal sequences for
P1-Runx1 were replaced with neo® gene (RunxIT!N allele), resulting
in the absence of both P1-Runx1 transcripts and protein.3* We had
demonstrated previously a requirement for P1-Runx1 in lymphoid
tissue inducer cell differentiation,** and found that RunxPNVPIN
mice have severe reductions in NKT cells, mild T-cell deficits, and
an increase in Lin~c-Kit*Sca-1* HSCs.*? However, there have
been no previous reports describing the myeloid cell compartment
in these mice. When we analyzed myeloid cells in Runx]PINPIN
mice, we found that they have a severe reduction in basophils.
Compared with corresponding WT mice, RunxIP'VPIN mice have a
greater than 90% reduction of basophils in the BM, spleen, and
blood (Figure 1A-B). To examine this phenotype using a different
approach, we performed RT-PCR for Mcpt8, which encodes the
basophil-associated marker, mouse mast cell protease 8.3 Under
the RT-PCR conditions used, Mcpt§ mRNA was not detectable in
total BM cells of RunxIP'NPIN mice, but was readily detected in
corresponding samples from WT mice (Figure 1C). These results
provided additional evidence of the drastic reduction in basophils
in Runx]PINPIN mjce,

Normal numbers of eosinophils, neutrophils, and mast cells in
Runx1PNPIN mice

There are 3 types of granulocytes: neutrophils, eosinophils, and
basophils. Because RunxIPINPIN mice virtually lack basophils, we
analyzed numbers of the other granulocytes in the mutant mice.
Neutrophils (Gr-1"g"Siglec-F~) and eosinophils (Gr-1%Siglec-F*)
were detected by flow cytometry at normal numbers in both the BM
and spleen of RunxIPVPIN mice compared with WT mice (Figure
2A-B). In addition to these granulocytes, numbers of monocytes
(Gr-1'*Siglec-F~), NK cells (NK1.1+CD3"), total T cells (CD3%),
B cells (B220%), and dendritic cells (CD11c*) were not signifi-
cantly different in RunxIP'™VPIN mice compared with WT mice in
either the BM or spleen (Figure 2A-B). As we reported previ-
ously,** NKT cells (NK1.1*CD3*) were reduced in both the BM
and spleen (Figure 2A-B). These data indicate that, among
granulocyte populations, basophils are uniquely deficient in
RunxIP™NPIN mice.

Basophils are often compared with mast cells because they
share certain features such as the expression of the high-affinity
IgE receptor (FceRla) and the ability to secrete, after the
appropriate stimulation, a similar (although distinct) spectrum
of mediators, including histamine, lipid mediators, and cyto-
kines.>#! To examine whether there is also a deficit in mast cells
in these mutant mice, we quantified numbers of mast cells in
several tissues. Compared with normal WT mice, Runx]PINPIN
mice exhibited no differences in the numbers of mast cells in the
peritoneal cavity (Figure 3A), ear or back skin, glandular
stomach, or forestomach (Figure 3B). These findings reveal that,
unlike basophils, the mast cell populations analyzed are not
dependent on P1-Runx1 to achieve normal numbers at baseline.

Basophil, but not mast cell, function is abolished in
Runx1PINPIN mice

Although RunxI®"NPIN mice have normal numbers of mast cells (as
shown in Figure 3), we wished to examine the function of mast
cells in RunxIP™NPIN mjce. It is well known that the development of
IgE-dependent passive cutaneous anaphylaxis requires mast cells.4?
We injected the ear pinnae of WT mice and Runx PPN mice with
a DNP-specific IgE mAb or with PBS as a control, and then
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Figure 2. Phenotypic analysis of other granulocytes and leukocytes in Runx7P1NPIN mice. (A) Representative flow cytometric plots of neutrophils (Gr-1"sh SiglecF-),
eosinophils (Gr-1" SiglecF*), monocytes (Gr-1nt SiglecF~), NK cells (NK1.1*CD3~), NKT cells (NK1.1*CD3*), B cells (B220*), conventional dendritic cells (DCs;
CD11¢c*B2207), plasmacytoid dendritic cells (CD11c*B220%), and T cells (CD3"), and their cell counts (B) from BM and spleens from WT or Runx1P'NPIN mice. Data shown
are from 1 of 3 independent experiments, each of which gave similar results. Data in panel B show means + SEM.

challenged them intravenously the next day with antigen (DNP-
BSA) plus Evans blue. Thirty minutes after antigen challenge, the
mice were killed, the ears were dissected, and Evans blue was
extracted. There were no significant differences in the amount of
extracted dye at IgE- or PBS-injected sites between WT and
RunxIP™NPIN mice (Figure 4A).

We also tested mast cells from WT or RunxI®?'VPIN mice
in vitro. We found no differences in the numbers or rate of
development of BM-derived cultured mast cells (BMCMCs; > 99%
c-Kit*FceRIa™ by flow cytometry) from WT versus Runx/PINPIN
mouse BM cells maintained as usual in [L-3—containing medium
(data not shown). BMCMCs were sensitized with a DNP-specific
IgE mAb overnight, then washed, and stimulated with DNP-HSA.
Degranulation was quantified by measuring (3-hexosaminidase
release. BMCMCs from WT versus RunxIP™NPIN mice exhibited
similar levels of degranulation (Figure 4B) and IL-6 production
(Figure 4C) after challenge with IgE and specific antigen. These
results detected no abnormality in IgE-dependent function in
RunxIP™NPIN mast cells.

Although it is well known that IgE-mediated immediate type
reactions are mast cell-dependent, Mukai et al reported that a type
of IgE-mediated chronic skin reaction (IgE-dependent chronic

allergic inflammation of the skin [IgE-CAI]) is dependent on
basophils but not mast cells.’” We therefore tested whether
RunxI®NPIN mice exhibited attenuation or absence of this basophil-
dependent biologic response. WT mice and Runx /PPN mice were
sensitized intravenously with a TNP-specific IgE mAb and chal-
lenged intradermally the next day with the corresponding antigen
(TNP-OVA) or the control carrier protein (OVA). We found that the
tissue swelling associated with the IgE-CAI response was essen-
tially eliminated in RunxIP™NPIN mice (Figure 5A). Histologic
analysis of TNP-OVA—challenged ear pinnae on day 4 showed
marked infiltrates of leukocytes, including basophils (cells stained
with anti-mMCP-8 Ab, which were observed in high numbers in
the specimens from WT but not RunxIP'™NPIN mice; Figure 5B). Flow
cytometric analysis confirmed that there were few infiltrating myeloid
cells in the TNP-OVA—challenged ear pinnae of Runx/PNPIN yg
WT mice (supplemental Figure 1A-B, available on the Blood Web
site; see the Supplemental Materials link at the top of the online
article). In addition, levels of mRNA for IL-4 and mMCP-8 were
up-regulated in the TNP-OVA—challenged ear pinnae of WT but
not RunxIP™WPIN mice (supplemental Figure 1C). These results
confirm previously reported results*® indicating that basophils play
a pivotal role in eliciting myeloid cell infiltration of the dermis in
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Figure 3. Runx1PNPIN mice have normal numbers of mast cells in multiple anatomic sites. (A) Cells from peritoneal lavage fluid were stained with anti-mIgE and
anti—c-Kit mAbs. Data shown are from 1 of 5 independent experiments, each of which gave similar results. The numbers of peritoneal mast cells are shown as means + SD.
ns indicates not significant (P > .05). (B) Toluidine blue staining for mast cells (some indicated by solid arrows) in 4-mm-thick paraffin sections of ear pinnae from WT (top) and
Runx1PINPIN mice (bottom). The numbers of mast cells in the ear pinnae, back skin, or stomach are shown as means + SD. ns indicates not significant (P > .05).

IgE-CAl responses, and show that the basophil deficiency observed
in RunxIP™PIN mice is sufficient to result in a marked reduction in
the basophil-dependent IgE-CAI response.

Taken together, our results show that Runx/P"NPIN mice exhibit
a marked deficiency in a basophil-dependent immune response (as
well as a marked deficiency in basophil numbers) but appear to
exhibit normal levels of the IgE-dependent mast cell functions
analyzed.
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Nematode infection or IL-3 injection fail to induce marked
basophilia in Runx1P1NPIN mijce

It has been reported that basophil numbers expand during infection
with certain nematodes.'*!1># To investigate this in Runx/PNPIN
mice, WT or mutant mice were infected by subcutaneous
inoculation with 10 000 S venezuelensis third-stage infective
larvae. Eight days after S venezuelensis infection, we analyzed
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Figure 4. Runx1PNPIN mice have normal mast-cell functions. (A) Analysis of passive cutaneous anaphylaxis reactions in WT and Runx1?INPIN mice that received
intradermal injections of IgE anti-DNP into the right ear pinnae and of saline into the left ear pinnae (control; none). After sensitization, mice were challenged intravenously with
DNP-BSA. Data show means + SD of the extravasation of Evans blue into the ears. (B) Degranulation of WT and Runx1P'™NPIN BMCMCs, assessed as the release of
B-hexosaminidase. BMCMCs were sensitized with anti-DNP IgE and stimulated with the indicated concentrations of DNP-HSA (0, 6.25, 12.5, 25, 50, and 100 ng/mL). Data
show the means + SD. (C) ELISA of IL-6 in BMCMCs from WT and Runx1P1NPIN mice sensitized with anti-DNP IgE and stimulated with DNP-HSA (10 ng/mL). nd indicates not
detected. ***P < .0001; **P < .001; no asterisks, P > .05 relative to the corresponding WT mice. Data are from 1 of 3 independent experiments, each of which gave similar

results.



