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Eosinophilia is a pathological condition characterized by an increased number of eosinophils in tissues and
peripheral blood. The type 2 immune response causes eosinophilia, and interleukin-5 (IL-5) secreted by T helper
2 (Th2) cells is essential for increasing eosinophils. However, it is unclear whether there is another mechanism
for an increase in eosinophils. The present study found high numbers of eosinophils in ICR mice and established
an inbred strain with hypereosinophilia, named “Yama mouse”, through brother-sister mating. Eosinophil count
in the peripheral blood of 6-week-old Yama mice was 30-fold higher than in ICR mice of the same age, but
hyperkeratisation of the stomach was the only lesion observed in Yama mice. There was no significant difference
between ICR and Yama mice in IL-5 expression in the spleen, mesenteric lymph nodes or bone marrow. Yama
mice revealed a mechanism for increased eosinophil counts other than that of IL-5 upregulation. Yama mice
exhibit eosinophilia without artificial treatment; therefore, they are a good animal model for studying allergic
diseases and regenerative medicine, in which eosinophils are important.

Eosinophilia is a pathological condition character-
ized by increased numbers of eosinophils in tissues
and peripheral blood (Kovalszki 2016). Eosinophilia
is caused by various diseases, such as allergies, hel-
minthic infections and idiopathic causes of unknown
etiology (Kovalszki 2016). The type 2 immune
response causes eosinophilia, and interleukin-5
(IL-5) secreted by T helper 2 (Th2) cells is essential

for the increase in eosinophils (Nagase et al. 2020;
Nussbaum et al. 2013). However, few studies have
investigated the mechanism of increased eosinophil
levels downstream of IL-5 receptors other than the
role of GATA-1. Additionally, it is unclear whether
there is a mechanism to increase the eosinophil count
other than via IL-5 signal transduction.Furthermore,
there are several experimental animal models for
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eosinophilia, such as the helminth infection (Kusama
et al. 1995), hypersensitivity (McMillan et al. 2014),
and IL-5 transgenic mouse models (Masterson et
al. 2014) exhibiting eosinophilia owing to increased
IL-5 expression (Kusama et al. 1995; McMillan et al.
2014; Masterson et al. 2014). However, the mecha-
nisms downstream of the IL-5 receptor, other than
the role of GATA-1, have not been determined, prob-
ably because in the helminth infection and hyper-
sensitivity models, there are significant differences
between individuals in the number of eosinophils,
and investigation of the mechanism is complex and
time-consuming (Kusama et al. 1995; Rayapudi et al.
2010). The IL-5 transgenic mouse model is a cyto-
kine gene manipulation model that overexpresses
IL-5. However, in transgenic mice the genomic envi-
ronment at the integration site substantially influenc-
es the expression of the randomly inserted transgene
(Liu. 2013), suggesting that IL-5 activation in trans-
genic mice may differ between individuals. Exper-
iments investigating airway immune responses in
asthma models using different IL-5 transgenic mice
have provided contrasting results (Lee et al. 1997;
Kobayashi et al. 2003). Thus, the helminth infection,
hypersensitivity and IL-5 transgenic mouse models
are unsuitable for investigating eosinophil-stimulat-
ing factors downstream of the IL-5 receptor.

Additionally, it is unclear whether mecha-
nisms other than IL-5 signal transduction increase
the number of eosinophils. There are currently no
animal models of eosinophilia without IL-5 upregu-
lation. Therefore, there is need for models to investi-
gate other possible mechanisms of increasing eosin-
ophil count, probably through the upregulation of
mechanisms other than IL-5 signal transduction or
the upregulation downstream IL-5 receptors.

We established an inbred mouse strain exhibit-
ing peripheral blood eosinophilia without IL-5 over-
expression, providing an opportunity to investigate
eosinophil-stimulating factors other than IL-5. In the
present study, we report the kinetics of eosinophil
counts, IL-5, IL-4 and interferon-gamma (IFN-y)
expression in the spleen, bone marrow and mesen-
teric lymph node, and histological examinations.

Six-week-old ICR mice were purchased from SLC
Inc., Shizuoka, Japan; they were specific-patho-
gen-free (JALAS: Japanese Association for Labora-
tory Animal Facilities of National University Corpo-

ration recommendations). Untreated females exhib-
iting high eosinophil counts in peripheral blood
were mated with their male parent. A high blood
eosinophil level was regarded as more than 264/yl,
which was the mean + 2 standard deviation of the
mean (SDM) of blood eosinophils in normal ICR
mice. After weaning the second-generation litter, we
counted the number of eosinophils in the peripheral
blood, and individuals with a high number of eosin-
ophils were repeatedly mated with sisters and broth-
ers for >20 generations to establish an inbred mouse
strain (Yama mouse).

Yama mice can breed normally, and they sur-
vive for at least one and a half years. Yama mice show
no difference in development and weight compared
to control ICR mice at 6-weeks, but as the get older,
they are slightly heavier because they have slight-
ly more fat tissue. The white blood cell counts other
than eosinophils and the red blood cell counts were
normal, and no gross abnormalities were noted in
any identifiable organs.

The ICR and Yama mice were maintained at
ARCLAS (Advance Research Center for Laboratory
Animal Science of Yamaguchi University) in a con-
ventional area with periodic pathogen monitoring
tests within the same part of the SPF facility, accred-
ited by the American Association for the Accredita-
tion of Laboratory Animal Care. The animal room
was maintained at 24 + 2 °C and 50-70% humidity
under an artificially illuminated light and dark cycle
(12:12 h Light: Dark cycle). Mice had ad libitum
access to a standard laboratory diet (CE-2 commer-
cial compound diet for mice, Clea Japan, Inc., Tokyo,
Japan) and tap water. Mice were housed in cages of
CL-0138 (M-2: Japan Clea W184xD332xH147) with
Eco Chip™ (Japan Clea) as bedding material and a
mouse igloo. Three to four animals were housed per
cage. During the gestation period, they were housed
individually.

All experimental procedures were conducted
following the guidelines for animal experiments at
Yamaguchi University, Japan, with the approval of the
Animal Research Committee (permit number 401).

Blood samples were collected from 6- and 18-week-
old ICR and Yama mice. Briefly, each mouse was
anesthetized by intraperitoneal injection of a mix-
ture of 10 mg/kg xylazine (Bayer, Tokyo, Japan) and
80 mg/kg ketamine (Daiichi Sankyo Co., Ltd., Tokyo,
Japan). Blood was collected from the retro-orbital
sinus using a capillary tube (AS ONE Corporation,
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Osaka, Japan). Whole blood samples were collected
from the mice after anesthesia. Serum samples were
obtained after centrifugation (3000 rpm, 10 min).
For tissue sampling, mice were euthanized by cer-
vical dislocation when 6-weeks old, and the organs
(stomach, small intestine, large intestine, liver, heart,
lungs, kidneys, spleen, bone marrow and mesenter-
ic lymph nodes) were immediately removed. RNA
was extracted from the spleen, bone marrow and
mesenteric lymph nodes and subjected to a reverse
transcription-quantitative polymerase chain reaction
(RT-qPCR). Organs were fixed in 10% neutral-buft-
ered formalin (Sigma Aldrich, St Louis, MA, USA)
for histopathological examination. After fixation,
the unilateral femur was decalcified with 0.5 M eth-
ylenediaminetetraacetic acid (EDTA solution [Sigma
Aldrich]) at pH 7.0 for 24 h for histopathological
examination of the bone marrow. The samples were
then routinely embedded in paraffin, and 4-um-thick
sections were prepared for hematoxylin and eosin (H
& E) staining (Abbey Color Inc., ST Tioga, PA, USA).
Bone marrow sections were prepared for immuno-
histochemistry for counting eosinophils.

The number of eosinophils in the peripheral blood
was counted after staining with Hinkelman’s solution,
as previously reported (Morimoto et al. 1998). The
eosinophils were counted under a microscope using
a hemocytometer (Tatai eosinophil counter [Kay-
agaki Irikakogyo Co., Tokyo, Japan]). Bone marrow
sections were stained with H & E (Abbey Color Inc.)
and immunohistochemistry was performed using an
eosinophil cationic protein (ECP) antibody (Thermo
Fisher Scientific, Waltham, MA, USA). Briefly, ECP
immunohistochemistry was performed using rabbit
anti-mouse ECP IgG (1: 400 [Aviscera Bioscience,
Inc. Santa Clara, CA, USA]). ECP-positive cells
were counted in five fields of view under an optical
microscope at 100x magnification, and the number
of ECP-positive cells as a percentage of total cells was
calculated.

RNA was extracted from the bone marrow, spleen
and mesenteric lymph nodes of 6-week-old ICR
and Yama mice using an RNeasy 2012 extraction kit
(QIAGEN, Tokyo, Japan) according to the manufac-
turer’s protocol. Samples were transcripted by incu-
bating at 37 °C for 60 min, 95 °C for 5 min, and on
ice for 5 min to create cDNA using a ReverTra Ace

kit (TOYOBO CO., Osaka, Japan). For the quan-
tification of IFN-y, IL-4 and IL-5 mRNA, 4 pL of
cDNA samples were amplified using TagMan Gene
Expression Assays (IFN-y: MmO01168134_m1, IL-4:
MmO00445259_m1, IL-5: MmO04239646_ml [Life
Technologies Japan Ltd, Tokyo, Japan]) using a Step
One real-time PCR system (Life Technologies Japan
Ltd). Amplification was done at 50 cycles of 50 °C for
2 min, 95 °C for 10 min, 95 °C for 15 s, and 60 °C
for 1 min. 18s rRNA (Mm03928990_g1 [Life Tech-
nologies Japan Ltd]) was used as a housekeeping (ref-
erence) gene and subjected to IFN-y, IL-4 and IL-5
standardization.

Serum IFN-y, IL-4 and IL-5 from ICR and Yama
mice was quantified using an ELISA kit (IFN-vy, IL-4:
Cosmo Bio Co., Ltd., Tokyo, Japan., IL-5: Funakoshi
Co., Ltd., Tokyo, Japan) according to the manufactur-
er’s instructions. Expression levels of the cytokines
were determined by comparison to a standard curve
generated by serial dilution of manufacturer-provid-
ed standard. The T helper 1 (Th1) to Th2 ratios were
calculated by IFN-y/IL-4 in ICR and Yama mice.

Significant differences were tested using Student’s
t-test (p<0.05). Data were presented as the mean *
SDM.

Figure 1 presents the number of eosinophils in the
peripheral blood of 6- and 18-week-old ICR and
Yama mice. The number of eosinophils in the periph-
eral blood of 6-week-old Yama mice was 30-fold
higher than that of 6-week-old ICR mice. The
number of eosinophils in 18-week-old Yama mice
decreased to approximately 1/10 of that in 6-week-
old Yama mice, but was still 4-fold higher than that
in 18-week-old ICR mice.

The mRNA expression levels of IFN-y, IL-4 and IL-5
in tissues are presented in Figure 5. There was no
significant difference between ICR and Yama mice
in IL-5 IL-4 or IFN-y expression in the spleen, mes-
enteric lymph nodes or bone marrow. The serum
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IFN-y, IL-4, and IL-5 levels are presented in Figure
6. The levels of all these cytokines in the serum were
not significantly different between ICR and Yama

(/uL)

mice. The Thl to Th2 ratio in the serum of ICR and
Yama mice was approximately 1:1.15 and exhibited
almost the same value.

3500 *
3000 —
£
‘§ 2500 -
E
2 2000 -
@
Y
S 1500 -
o
L
£ 1000 H
=
Z W
500 H [ 1
0 —— —— -_
ICR  Yama ICR Yama
6 weeks 18 weeks

Figure 1. The number of eosinophils in the peripheral blood of 6- and 18-week-old ICR (n = 10) and Yama mice (n = 6).

Data are presented as mean + SDM (**p < 0.001, *p<0.05).

Histological analysis

Eosinophils were identified by a segmented nucle-
us and cytoplasmic eosinophilic granules in H & E
staining of bone marrow samples (Figure 2) and
confirmed by immunopositivity in ECP immuno-
histochemistry (Figure 3). In H & E staining and
ECP immunohistochemistry, eosinophils were more
numerous in Yama mice than in ICR mice. The per-
centage of eosinophils in ECP immunohistochemis-
try of bone marrow was significantly higher in Yama

a““"-}"iif .i’ J a %}
2 m.ﬂ,”*_'f'”‘. e LR f ﬁﬁu g
ﬁ:f? 'I'u‘f' f,ﬂ .:;.l'“ :1.?% " {b
"‘!";fﬁi e %'E\E'-" . :?'!
o WSS

mice (7.93 £ 2.34%) than in ICR mice (3.54 + 0.43%
[Figure 4]). Hyperkeratinization was observed in
the squamous epithelium of the stomach of 6-week-
old Yama mice, but no lesions were observed in the
other organs examined histologically. Hyperkeratini-
zation was observed in the squamous epithelium of
the stomach of 6-week-old Yama mice, but no lesions
were observed in the other organs examined histo-
logically.

Flgure 2. H & E staining section of bone marrow of 6-week-old ICR (A) and Yama mice (B). Arrows show eosinophils. Bars

=200 um
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Figure 3. ECP immunohistochemistry of the bone marrow of 6-week-old ICR (A) and Yama mice (B). Bars = 200 um
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Figure 4. Percentage of ECP-positive cells in the bone marrow of 6-week-old ICR (n=6) and Yama mice (n=6). Data are
mean + SDM (¥ p<0.05).
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Figure 5. qPCR levels of interferon-gamma (IFN-y), IL-4 and IL-5 in the spleen (A), bone marrow (B) and mesenteric
lymph nodes (C) of 6-week-old ICR (n=>5) and Yama mice (n=5).
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Figure 6. Serum levels of IFN-y (A), IL-4 (B) and IL-5 (C) in 6-week-old ICR (n=10) and Yama mice (n=6).

In the present study, we established for the first time
a new mutant inbred mouse that exhibited sponta-
neous eosinophilia.

IL-5 is important for eosinophil activation and
proliferation (Nagase et al. 2020). In previous stud-
ies, several animal models exhibited eosinophilia
and increased IL-5 mRNA expression (Farzaneh et
al. 2006; Kusama et al. 1995; Masterson et al. 2014).
Although Yama mice exhibited eosinophilia, there
was no significant difference in IL-5 mRNA expres-
sion between Yama and ICR mice in the spleen, bone
marrow and mesenteric lymph nodes, and this was
consistent with next-generation RNA sequencing
(data not presented). In addition, there was no sig-
nificant difference in serum IL-5 level between Yama
and ICR mice. These results indicate that eosino-
philia in Yama mice is caused by factors other than
IL-5. There are three possible mechanisms for caus-
ing eosinophilia in Yama mice. Firstly, stimulation
of downstream IL-5 signal transduction. Second-
ly, stimulation of a signaling cascade for eosinophil
activation caused by factors other than IL-5 signal
transduction. Thirdly, dysfunction of suppressor
molecules of eosinophil activation, possibly owing
to the upregulation of a molecule downstream of
IL-5 signal transduction. However, downstream of
the IL-5 signaling cascade is unknown, except for
the involvement of the transcription factor GATA-1
(Hirasawa et al. 2002) in cells such as erythrocytes
and mast cells. Increased GATA-1 expression, leads
to symptoms such as jaundice or splenomegaly as
transient abnormal myelopoiesis in mice (Garnett
et al. 2020). However, these symptoms were not
observed in Yama mice, suggesting that the mutation
downstream of the IL-5 signaling cascade involves a
molecule other than GATA-1. The second possibili-
ty is an unknown signaling cascade, suggesting that

-6-

eosinophilia in Yama mice is due to a new mecha-
nism that increases eosinophils. In the first two pos-
sibilities gene mutations cause upregulation of the
molecule that induces eosinophilia production. In
the third possibility the mutated molecule suppresses
the Th2 immune response; activation of eosinophils
is correlated with the Th2 immune response.

The number of peripheral eosinophils in Yama
mice was significantly higher than in the ICR mice
at 6 and 18 weeks. However, the number of eosino-
phils in 18-week-old Yama mice was lower than that
in 6-week-old Yama mice. This is difficult to explain
if the mutation in the Yama mouse enhances the
activity of the molecule that induces an increase in
eosinophils. The Th1 immune response involves sev-
eral suppressor molecules that have similar functions
(Li et al. 2015; Parry et al. 2005). The suppressor mol-
ecule in the Th2 immune response is unknown; if
there are several Th2 suppressor molecules and these
factors act like the Thl system, one possible expla-
nation is that mutation of Yama mice decreases the
activity of some of these molecules, and that with
time other molecules compensate for the decreased
activity. This hypothesis is the most likely explana-
tion for the results of the present study. However, it
is necessary to further investigate Yama mice to iden-
tify factors associated with eosinophilia production.
Suppose the mutated molecule is a Th2 suppressor
molecule; it will be the first Th2 suppressor molecule
known to have the potential to become a target mole-
cule for the treatment of Th2-related diseases, such as
allergy and fibrotic disease (Wynn. 2004), ulcerative
colitis (Nemeth et al. 2017) and idiopathic eosino-
philia.

Eosinophils are thought to regulate conditions
such as liver (Goh et al. 2013) and muscle regenera-
tion (Liu et al. 2020; Heredia et al. 2013) and wound
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healing (Wong et al. 1993; Todd et al. 1991). How-
ever, the detailed mechanisms underlying the func-
tion of eosinophils have not been elucidated owing
to a lack of good models. To investigate the details of
these eosinophil functions in vivo, models in which
eosinophils are increased without causing lesions
are needed. The helminth infection model is most
commonly used to investigate eosinophil functions
(Kusama et al. 1995). However, it is not suitable for
investigating eosinophils in detail because their
function is affected by helminth infection-induced
lesions. The histological results in Yama mice did not
reveal any lesions, except for hyperkeratosis of the
stomach. Yama mice are novel mutant mice estab-
lished as an inbred strain expressing eosinophilia,
and each Yama mouse stably exhibited similar phe-
notypic expression. Furthermore, it is possible to
observe the activity of eosinophils more closely in
vivo using Yama mice without considering the effect
of lesions caused by treatment because Yama mice
exhibit eosinophilia without artificial treatment.

There were no significant differences between
Yama and ICR mice in the expression of the cytokines
IL-5, IL-4 and IFN-y in the spleen, bone marrow and
mesenteric lymph nodes or in serum. In addition, the
Th1/Th2 ratio is almost the same in Yama and ICR
mice. These results suggest that the increase in eosin-
ophils in Yama mice is not caused by the activation of
the Th2 immune response.

Yama mice are the best model for studying
eosinophilia, and the investigation of eosinophilia in
Yama mice will lead to progress in the study of idio-
pathic eosinophilia. Moreover, Yama mice can be a
good animal model for studying allergies and regen-
erative medicine, in which eosinophils are important
(Kitamura et al. 2018; Heredia et al. 2013).
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