speed [13]. Thus, qPCR is very useful for investigating physio-
logical and pathological status from a small amount of sample.
Normalization to reference genes such as housekeeping genes is
usually required for gPCR analysis. However, expression levels of
reference genes may vary between tissues, cell types and
experimental conditions. Therefore, the validation of suitable
reference genes in each experiment is critical for the accurate
evaluation of qPCR data. Recently, a set of guidelines for
evaluating qPCR experiments was developed [14] and a strict
method for the selection of reference genes suitable for normal-
ization was proposed [15]. A freely available program, geNorm
applet (http://medgen.ugent.be/ ~jvdesomp/genorm/), can de-
termine gene stability ranking and the number of reference genes
required for normalization in a given panel of samples [15].

To develop an accurate and reliable gPCR method for common
marmosets, we examined the expression stabilities of candidate
reference genes in various tissues of laboratory common marmo-
sets using geNorm applet. Then, we compared expression levels of
immune-related genes in peripheral blood leukocytes between
common marmosets and humans. To the best of our knowledge,
this is the first such study for the selection of reference genes in
common marmosets. The present data will contribute to future
studies of gene expression analysis by gPCR for common
Imarmosets.

Materials and Methods

Ethics statement

The study was conducted in accordance with the Act on
Welfare and Management of Animals of Japanese government. All
animals were housed, cared for, and used according to the
principles set forth in the Guide for the Care and Use of
Laboratory Animals: Eighth Edition (National Research Council,
2011). All experiments using common marmosets were approved
by the committee for animal experiments at the National Institute
of Infectious Diseases (Approval Number: 610,007). For humans,
whole blood was obtained from eight healthy volunteers (mean age
+ sd: 35.7*13.0 years old) after obtaining written informed
consent. This study and the consent procedure were approved by
the ethics committee of Tokai University School of Medicine
(Approval Number: 101-22).

Animals

Eight common marmosets (1.58=0.29 years old) were obtained
from CLEA Japan, Inc. (Tokyo, Japan) and maintained in specific
pathogen-free conditions at the National Institute of Infectious
Diseases (Tokyo, Japan). Common marmosets were housed solely
or in pairs in a single cages 39 cm (W)x55 (D)x70 (H) in size on
12:12 h light/dark cycles. Room temperature and humidity were
maintained at 26-27°C and 40-50%, respectively. Filtered
drinking water was delivered by an automatic watering system
and total 40-50 g/individual of commercial marmoset chow
(CMS-1M, CLEA Japan) were given in a couple of times per day.
Dictary supplements (sponge cakes, eggs, banana pudding, honeys,
vitamin C and D3) were also given to improve their health status.
Machinery noise and dogs’ barks were avoided to reduce stress.
The cages were equipped with resting perches and a nest box as
environmental enrichment. The marmosets were routinely tested
to assure the absence of pathogenic bacteria, viruses, and parasite
eggs in the animal facilities and did not exhibited abnormal
external appearances. Four common marmosets were euthanized
by cardiac exsanguinations under anesthesia with Ketamine
hydrochroride (50 mg/kg, IM) and Xylazine (3.0 mg/kg, IM).
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After sacrifice, various tissues removed, and whole blood was
obtained from all eight common marmosets.

RNA isolation

Heparinized venous blood samples from common marmosets
were obtained before sacrifice and incubated in erythrocyte lysis
buffer (155 mM NH4C], 10 mM KHCOs, and 0.1 mM EDTA).
Following incubation on ice for 5 min, cells were centrifuged at
300%g for 10 min at 4°C and washed with lysis buffer and then
PBS. Leukocytes were lysed with QIAzol® Lysis Reagent (Qiagen,
Hilden, Germany) and total RNA was extracted using an
RNeasy® Plus Universal Mini Kit (Qjagen) according to the
manufacturer’s instructions. Tissue samples (spleen, mesenteric
lymph node, jejunum, ileum, descending colon, cerebrum,
cercbellum, brainstem, heart, lung, liver and kidney) were excised
from each animal and immediately submerged in RNAlater®
RNA Stabilization Reagent (Qiagen). Then total RNA was
extracted using RNeasy® Plus Universal Mini Kit (Qiagen).
RNA concentration and integrity were assessed using the Agilent
RNA 6,000 Nano Kit (Agilent Technologies, Inc., CA, USA) in an
Agilent 2100 Bioanalyzer. All RNA samples were confirmed to
have no degradation and were of optimal quality for downstream
qPCR applications.

Candidate reference genes

Based on a literature search, eight commonly used candidate
internal control genes were selected for analysiss GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), ACTB (actin, beta),
7RNA (18S ribosomal RNA), B2M (beta-2-microglobulin), UBC
(ubiquitin C), HPRT (hypoxanthine phosphoribosyltransferase 1),
SDHA (succinate dehydrogenase complex, subunit A) and 7BP
(TATA-box binding protein). All genes chosen have independent
cellular functions and are not thought to be co-regulated. The
sequences of primers specific for each reference gene are shown in
Table 1.

Quantitative real-time PCR

First-strand ¢cDNA was synthesized using PrimeScript® RT
reagent Kit (Takara Bio, Otsu, Japan) with attached random
hexamers and oligo(dT) primers. Reactions were incubated at
37°C for 15 min followed by 85°C for 5 sec according to the
manufacturer’s instructions. Then each cDNA sample was diluted
with RNase/DNase-free water to 25 ng/uL. The expression level
of each gene was analyzed by qPCR using the Bio-Rad CFX96
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). PCR
reactions consisted of 5 pL of SsoFast™ EvaGreen® Supermix
(Bio-Rad), 3.5 uL of RNase/DNase-free water, 0.5 pL. of 5 uM
primer mix, 1 pL of cDNA in a total volume of 10 pL. The primer
sequences are shown in Tables 1 and 2. Cycling conditions were as
follows: 30 sec at 95°C followed by 45 rounds of 95°C for 1 sec
and 60°C for 5 sec. Melting curve analysis to determine the
dissociation of PCR products was performed between 65°C and
95°C. Data were expressed as mean values of experiments
performed in triplicate. Seven points of a 10-fold serial dilution
of standard DNA was used for absolute quantification. Standard
DNA was generated by cloning PCR products into pPGEM-T Easy
Vector (Promega, WI, USA). Sequences of the cloned plasmid
were confirmed by DNA sequencing using the CEQ8000 Genetic
Analysis System (Beckman Coulter). Quality and concentration of
the plasmid DNA were validated using Agilent DNA 7,500 Kit in
an Agilent 2100 Bioanalyzer.
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Table 1. Sequences of gPCR primers for housekeeping genes.
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Target

r_ . _~ta),b}
gene 5'-primer sequence -3

Species

Product PCR
size (bp)

efficiency Reference

TCGGAGTCAACGGATTTGGTC

GAPDH  Cj

GATGGTGGGCATGGGTCAGAA

ATCCAAAGATGGTCAAGGTCG

B2M Cj CTATTCAGCATGCTCCAAAGA

UBC c3

TCCCTTCTCGGCGGTTCTG
rRNA Cj CGACCATAAACGATGCCGAC
SDHA C3 TGGGAACAAGAGGGCATCTG

TBP CCATGACTCCCGGAATCCCTAT

a’Hyphen indicates a nucleotide identical to human sequences.
Dot indicates a shift nucleotide to marmoset sequences.
doi:10.1371/journal.pone.0056296.t001

Analysis of gene expression stability

The expression stability of selected reference genes was
evaluated using a publicly available program, geNorm applet [15].
geNorm calculates the stability of tested reference genes according to
the similarity of their expression profiles by pairwise comparison
and M value, where the gene with the highest value is the least
stable one. It is possible to perform sequential elimination of the
least stable gene in any given experimental group, thus resulting in
the exclusion of all but the two most stable genes in each case.

Flow cytometry
Heparinized peripheral blood was collected from common
marmosets and centrifuged in Lymphocepal (IBL Co. Takasaki,
Japan) at 2,000 rpm for 30 min. Mononuclear cells were collected
and re-suspended in RPMI1640 medium containing 10% fetal calf
serum. Cells were stained with anti-common marmoset CD8
antibody (Mar8-10) [16] for 15 min at 4°C and washed with 1%
(w/v) bovine serum albumin-containing PBS. Subsequently, cells
were stained with phycoerythrin-labeled secondary antibody,
peridinin chlorophyll protein cyanind.5 (PerCPCy5.5)-conjugated
. anti-human CD3 (SP34-2) and Alexa488-conjugated anti-com-
mon marmoset CD4 (Mar4-33) antibodies [16]. Peripheral blood
from healthy human volunteers was collected and mononuclear
cells isolated by Ficoll-Paque (GE Healthcare Biosciences,
Uppsala, Sweden) gradient centrifugation. The monoclonal
antibodies used for cell staining were as follows: PerCPCy5.5-
conjugated anti-human CD3 (SP34-2), allophycocyanin-conjugat-
ed anti-human CD4 (SK3), fluorescein isothiocyanate-conjugated
anti-human CD8 (HIT8a) (BD PharMingen). Cells were analyzed
by FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA).
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’TTCCCGTTéTCAGCCTTGAC - 191’ ' O.Qéd
acccacacacasercormor
GIATICATTATAGICAAGSGCATA 134
uAAGACAAGT;TGAATGCTCCA? 168
. TGCATTGTCAAGCGGCGAT 158 0.922
GGTGGTGCCCTTCCGTCAAT 145 0.918

CCACCACGGCATCAAATTCATG

ATAGGCTGTGGGGTCAGTCCA 70 0.920

DD279474

DD279463

DD2839567

AF084623

AB571242

AB571241

86 0.934 XM 002745154

EU796973

Statistical analysis

Student’s #test was used for statistical analysis to assess
significant differences in qPCR assays. A P value<<0.05 was
considered to be statistically significant.

Results

The expression levels of candidate reference genes in
tissues

Eight housekeeping genes were chosen as reference genes:
GAPDH, ACTB, rRNA, B2M, UBC, HPRT, SDHA and TBP. We
determined the transcription levels of these eight genes in 13
tissues (leukocyte, spleen, lymph node, jejunum, ileum, colomn,
cerebrum, cerebellum, brainstem, heart, lung, liver and kidney)
from four individual common marmosets by gPCR. The
sequences of primers specific for each reference gene are shown
in Table 1. The expression level of each gene in each tissue is
shown as the copy number per ug of purified total RNA (Figure 1).
The most abundant gene was rRNA while the rarest gene was UBC
and the difference in expression level between the two genes was
more than 100,000-fold. For several genes, the expression levels
were highly different among tissues. For example, B2M expression
in heart and brain segments (cerebrum, cerebellum and brainstem)
was markedly lower than in other tissues. HPRT expression also
showed a large variability among tissues. In addition, the
expression levels of rRNA, B2M and HPRT varied among
individuals; the mean values of standard deviation were 0.224,
0.235 and 0.303, respectively, while those of the other genes were
below 0.2
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Table 2. Sequences of qPCR primers for CD markers and cytokines.

Target

ra) b)
gene 4

, .
Species 5'-primer sequence -3

Product PCR
size (bp) efficiency Reference

GGCTTGCTGCTGCTGGTTTAC

GGAAAACGGGAAAGTTGCATCA

TCTCCCAAACCAAGTCCAAGG

GGGCTGTCCAGATTATGAATG

TGCACCTGTACGATCCCTGAAC

CCCAAGAAGGCCAAAGAATTG

Cj AATCACCAACTGTGCACTGAAGAA

GATTCAATGAGGAGACTTGCC

CCGGATGGGCTCATAGTCTG 150
GCCTTCTCCCGCTTAGAGAC 163 0.926
AGTTTCTCAGGGCCGAGCAG 144 0.940

GAGTTTTTCTCCGTTGCTGC

PICCACAAAGCACATGGAGRACAC
CTIAMGTGAMGITITIGOITIGAS 104 0.773
CTCAGITGIGITCTIGGAGGCA
TTTGGCGGTCAATGIGITCCTT’ ‘;30 ‘ 9.87;

TGTTCTGGAGGTACTCTAGGTA

DQ189218

AF452616

DQ189217

DQ189220

AB539804

DQ826674

XM 002744606

DQ658152

DQ658153

CTGCCTCACATGCTTCGAGA

. GGACGGCAAGGAGTATGAGTA

TCCAGCTTGCTTGTCCGAG

IFN-y Cj GGGTTCTCTTGGCTGTTACTG

AGCCTGTAGCCCATGTTGTAG

TGGCAACCCAGGTAACCCTTA
TTGAGCTTGTGAACGGCATC
| CTGCARATRATGATGCGTT-GATGT
TGTC?AAGAAAAGAGTTCCATTATC‘ ;l6 ‘ ’0.833

CTCTCAGCTCCACGCCATTG

DQ658154
AB539805

AB571243

FJ598593

DQ520835

@Hyphen indicates a nucleotide identical to human sequences.
®Dot indicates a shift nucleotide to marmoset sequences.
doi:10.1371/journal.pone.0056296.t002

A variety of gene expression stabilities among tissues

To evaluate the expression stability of selected reference genes,
we used a publicly available program, geNorm applets. geNorm
provides a ranking of tested genes based on the reference gene
stability measure M, which is defined as the average pairwise
variation of a particular gene compared with all other control
genes. Thus, genes with higher M values have greater variations of
expression. In addition, assessment of the pairwise variations (V,,
n+1) between each combination of sequential normalization factors
allows identification of the optimal number of reference genes. In
the original publication describing geNorm [15], a threshold of 0.15
for pairwise variation was established, below which the inclusion of
additional reference genes was not necessary.

geNorm analysis produced line plots indicating the mean
expression stability M of the remaining candidate reference genes
in each round of the analysis (Figure 2A and 2B), the pairwise
variation V (Figure 2C) and ranking of the candidate reference
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genes from the least stable to the two most stable genes (Figure 3).
The stability score M indicated that gene expression in spleen,
jejunum and cerebellum were relatively less stable than other
tissues (Figure 2A and B). However, all tissues tested exhibited high
stabilities, as M values were less than 1.5, which was the default
limit even when all eight genes were analyzed. According to
pairwise variation V (Figure 2C), the two most stable genes were
sufficient for a stable and valid reference for each tissue analyzed
by qPCR because V2/3 values were less than 0.15 in all tissues.
Jejunum was the most variable tissue with a Vy,3 value of 0.139.
Figure 3 shows ranking of gene expression stability based on M
values. GAPDH, ACTB, SDHA and TBP had higher stability, while
HPRT, rRNA and B2M were variable in most tissues. 7BP in
intestinal segments (jejunum, leum and colon) and SDHA in brain
segments (cercbrum, cerebellum and brain stem) were particularly
stable. HPRT ranked as the worst of the cight genes in the 13
tissues tested.
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Figure 1. Absolute copy numbers of candidate reference genes. The expression level of each gene in 13 tissues is shown as a logarithmic
histogram of absolute copy numbers per ug of total RNA. Means and standard deviations of four individuals are indicated. GAPDH: glyceraldehyde-3-
phosphate dehydrogenase; ACTB: actin, beta; rRNA: 18S ribosomal RNA; B2M: beta-2-microglobulin; UBC: ubiquitin C; HPRT: hypoxanthine
phosphoribosyltransferase 1; SDHA: succinate dehydrogenase complex, subunit A; TBP: TATA-box binding protein.
doi:10.1371/journal.pone.0056296.g001

Comparison of gene expression levels between human interleukin (IL)-1B, IL-2, 11-4, IL-5, IL-6, IL-10, IL-12, IL-13,
and common marmoset leukocytes interferon (IFN)-y and tumor necrosis factor (TNF)-o, in

Subsequently, we analyzed gene expression levels of four CD periphe.ral blood leukocytes from humzu:ls and Common marmo-
antigens (CD3g, CD4, CD8o, and CD20) and ten cytokines, sets (Figure 4). The sequences of primers specific for these
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0.30
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Pairwise variation V

Leukocyte Spleen Lymph node  Jejunum teumn Colon Cerebrum Cerebellum Heart Lung Liver Kidney

Figure 2. Gene expression stability and pairwise variation of candidate reference genes using geNorm analysis. (A) and (B): Average
gene expression stability values M of the remaining reference genes during stepwise exclusion of the least stable gene in the different tissue panels
are shown. Data are divided into two figures to avoid closely-packed lines. See also figure 3 for the ranking of genes according to their expression
stability. (C) Pairwise variation analysis was used to determine the optimal number of reference genes for use in qPCR data normalization. The
recommended limit for V value is 0.15, the point at which it is unnecessary to include additional genes in a normalization strategy.
doi:10.1371/journal.pone.0056296.g002
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Leukocyte GAPDH-UBC ACTB SDHA
Spleen GAPDH-SDHA ACTB 8P
Lymph node rRNA-TBP ACTB SDHA
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TBP B2M RNA HPRT
UBC rRNA B2M HPRT
uBc GAPDH B2M HPRT
SDHA ACTB RNA HPRT
HPRT SDHA GAPDH rRNA
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Figure 3. Ranking of gene expression stability of candidate reference genes using geNorm analysis. Candidate reference genes are
ranked in order of stability for each tissue with the two most stable genes at the left and the least stable at the right.

doi:10.1371/journal.pone.0056296.g003

immune-related genes are shown in Table 2. The normalization
factor for common marmoset leukocytes was calculated using
GAPDH and UBC based on the geNorm analysis as described above.
For human leukocytes, we found that the expression of all eight
genes were stable (M value = 0.363), of which ACTB and HPRT
had the best score (M value=0.163, Vy,,5=0.062) and were
selected for use. The expression levels of CD4 and IL-4 were
significantly lower in common marmosets than in humans while
those of IL-10, IL-12B and IFN-y were significantly higher in
common marmosets compared with humans. Of interest, the
expression level of IL-4 was notably lower in common marmosets
than humans, and was close to the detection limit. There was no
statistical difference in the expression levels of the other genes
tested between common marmosets and humans.

Difference of CD4/CD8 ratio between humans and
common marmosets :

We calculated ratios of the expression levels of CD4 to CD8
(CD4/CD8 ratio) in human and common marmoset leukocytes
(Figure 5, left panel). CD4/CD8 ratios were significantly higher in

-~
J

human leukocytes compared with common marmoset leukocytes
(mean * sd, 0.59%0.22 vs. —0.49%0.41, P<0.01). To confirm the
difference in CD4/CDS8 ratios, we examined the proportion of
CD4" and CD8" in CD3" T cells by flow cytometric analysis. As
shown in Figure 6, the rates of CD3™ cells in the lymphocyte gate
were similar between common marmosets (30%) and humans
(88%). However, the rates of CD4*/CD3” cells and CD8*/CD3*
cells was 36% and 61% in common marmosets, respectively, and
75% and 21% in humans, respectively. Similarly, the CD4/CD8
ratio was markedly different between common marmosets and
humans (mean * sd, 0.56%=0.08 vs. 3.22%0.35, P<0.01) by
gPCR. This indicated a good correlation between the results from
FACS analysis and that of gPCR analysis. To examine whether
the CD4/CD8 ratio is affected by age, we further performed
FACS analyses with PBMCs from young and old marmosets
(Table 3). The result showed that the inverted CD4/CD8 ratio

was fairly constant among individuals and over ages.

g B Common marmoset ] Human  *P<0.05 **P<0.01
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Figure 4. The expression levels of CD antigens and cytokine genes in common marmoset and human leukocytes. The expression level
of each gene is shown as a logarithmic histogram of absolute copy numbers per ug of total RNA. Means and standard deviations of eight individuals
are indicated. Asterisk indicates statistically significant differences between marmosets and humans by Student’s t-test (*P value<0.05, **P
value<0.01).

doi:10.1371/journal.pone.0056296.9004
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Figure 5. The expression ratios of CD8 to CD4 (CD8:CD4) and Th1-related genes to Th2-related genes. The ratio of CD8:CD4 (left panel),
IFN-y:IL-4 (middle panel) and IL-2:IL-4 (right panel) in human and common marmoset leukocytes, spleen, lymph node and thymus are shown.
Significant differences in the CD8:CD4, IFN-y:IL-4 and IL-2:IL-4 ratios were found between human leukocytes and common marmoset tissues

(*P<0.05).
doi:10.1371/journal.pone.0056296.g005

Difference in T helper 1 (Th1)/T helper 2 (Th2) balance
between humans and common marmosets

We compared the ratios of expression levels of Thl-related
genes (IFN-y or IL-2) and Th2-related genes (IL-4) (IFN-y:IL-4 or
IL-2:11-4 ratio) (Figure 5, middle and right panels). Both
logarithmic values of the IFN-y:IL-4 and IL-2:I1-4 ratios were
negative in human leukocytes whereas those of common marmoset
leukocytes, spleen, lymph node and thymus indicated positive
values, showing a clear difference in the Th1/Th2 balance
between humans and common marmosets.

Discussion

In the present study, we evaluated the expression stability of
common marmoset housekeeping genes in various tissues. To the
best of our knowledge, this is the first report of a systematic

evaluation of potential reference genes in common marmosets. We
chose eight commonly used classical housekeeping genes. Of all
genes tested, 7RNA showed the most abundant expression and UBC
showed the lowest expression. The UBC gene contains multiple
directly repeated ubiquitin coding sequences (i.e., polyubiquitin
precursor protein) [17]. However, the primer set we used enabled
amplification of the unrepeated sequence at the 5’ region of the
UBC gene only. Thus, low UBC expression in our data does not
reflect the amount of ubiquitin C protein. B2M expression levels
were markedly lower in brains and hearts than in other tissues.
Resident brain cells normally express few or no MHC class I and
B2M  molecules [18-20]. In addition, B2M expression is
upregulated by infection or autoimmune disease [21-23]. There-
fore, in disorders with cellular infiltration such as inflammation
(especially encephalitis) or cancer cell invasion, B2M expression
levels may be significantly varied compared with normal tissue.

’,v

Common
marmoset

36%

S8C
CD4

Human

e - )
CD3

Figure 6. The ratio of CD4" to CD8" cells in common marmoset and human peripheral blood mononuclear cells (PBMCs) by flow
cytometry. Representative scattered plots of FSC and SSC are shown in the left panels. Middle panels represent a histogram of CD3 analyzed in the
lymphocyte gate. Gated CD3" cells were analyzed for CD4 and CD8 expression (right panels).

doi:10.1371/journal.pone.0056296.9006
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Table 3. CD8/CD4 ratio in PBMCs from young and old
marmosets.

CD8/CDA4 ratio

Age Sex % positive

3 month*

female

*Only FACS analysis, but not qPCR, was done with PBMCs from these three
marmosets.
doi:10.1371/journal.pone.0056296.t003

Thus, we predict that B2M may be unsuitable as a reference gene
in many cases.

We assessed gene expression stability using the geNorm applet. As
shown in Figure 2, geNorm analysis indicated that all tested genes
were stable in each tissue. However, there were some trends in the
stability ranking (Figure 3). For example, 7BP in intestine
segments and SDHA in brain segments represented prominently
high stabilities. GAPDH, ACTB, SDHA and TBP were generally
ranked high followed by UBC. In contrast, the stability of zRNA
was generally low. This suggests the amount of mRINA is not
always proportional to that of total RINA as reported by other
studies [24,25]. In addition, HPRT, rRNA and B2M varied widely
among tissues and rarely ranked high.

We analyzed the expression levels of CD antigens and cytokines
by qPCR to compare the characteristics of peripheral blood
leukocytes between common marmosets and humans (Figure 4).
We observed that the expression levels of CD4 and IL-4 were
lower in common marmosets than in humans. In contrast, the
expression levels of IL-10, IL-12B and IFN-y were higher in
common marmosets. We calculated PCR efficiency of each primer
set and found there was no great difference between primers for
common marmosets and those for humans (Tables 1 and 2). Thus,
the differences in the gene expression levels between common
marmosets and humans are not attributable to the differences in
PCR efficiency.

We also observed that the CD4:CD8 ratio and Thl/Th2
balance were inverted in common marmosets by gPCR analysis
(Figure 5). In particular, we confirmed the inverted CD4:CD8
ratio by flow cytometric analysis (Figure 6 and Table 3). The
inverted CD4:CD8 ratio was stable over age. Of interest, we noted
that the Thl/Th2 balance is different between common
marmosets and humans, although we can only speculate on the
cause of the difference. First, intestinal parasite infections may
affect the Th1/Th2 balance by regulating expression of genes
encoding cytokines [26-28]. In particular, protozoan parasites are
potent stimulators of IFN-y expression and Thl responses [29].
Moreover, humans living in poor hygienic conditions in develop-
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ing countries had higher Thl cytokine levels compared with
people in developed countries [30]. Although the common
marmosets used in this study were maintained in specific
pathogen-free conditions, we cannot rule out that such infectious
agents may be one of a number of factors responsible for the
difference in Th1/Th2 balance.

A second possible reason may be a difference in the number of
cells producing the respective cytokines. As shown in Figure 6, the
ratio of CD4" to CD8" cells were markedly different in total
leukocytes from common marmosets and humans. Since 1L-4 is
mainly produced by CD4" T cells [31,32], its expression level may
be influenced by the CD4:CD8 ratio. However, this is not true for
all the cytokines tested. For example, the expression levels of IL-2,
IL-5 and IL-13, largely produced by T cells, were not significantly
different between common marmosets and humans. Therefore, we
suggest that the CD4:CD8 ratio has little effect on Th1/Th2
balance. IL-10 is produced by T cells and monocytes [33] and IL-
12B is naturally produced by dendritic cells and macrophages
[34,35]. However, we could not verify these cell numbers in the
common marmoset. Further studies are required to determine
whether the numbers of cytokine-producing cells influence the
expression levels of IL-10 and IL-12f.

Another possibility is genetic variation. Bostik et al., reported
distinct sequence differences in the promoter region or the
proximal region of cytokine genes including IL-4, IL-10, IL-123
and TNF-y among humans, macaque and mangabey monkeys,
which affected regulation of cytokine synthesis [36]. Jeong et al,,
reported that the expression level of IL-4 was lower in monkeys
(baboon and macaque) than in hominoids (human and chimpan-
zee) while the expression levels of IL-12P and the IFN-y were
higher in monkeys [37]. It is likely that Thl dominant expression
is common to primates other than hominoids and the difference in
Th1/Th2 balance may be caused by genetic differences between
common marmosets and humans.

The use of common marmoset is growing in popularity as a
non-human primate model in many fields including autoimmune
disease and infectious disease. In this study, we presented data
regarding gene expression stabilities of common marmoset
housekeeping genes and differences in the Th1/Th2 balance
between common marmosets and humans. This difference may
affect host defense and/or disease susceptibility, which should be
carefully considered in biomedical research using common
marmoset as an cxperimental model. We believe our data will
contribute to future investigations using common marmoset
models of various diseases.
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Abstract
The role of histamine in various murine disease models has
been clarified using histidine decarboxylase gene knockout
mice. The mice were generated using conventional gene-
targeting methods. Studies, including ours, using knockout
mice have shown that the activity of histamine is not limited
to allergic, peptic and neurologic functions as in the old par-
adigm, but extends to other processes related to wound
healing, circulatory disease, immunology, oncology and in-
fectious disease. The recent observation of the activity of
newly cloned histamine receptors and a pathophysiologic
effect of histamine has dramatically expanded our under-
standing of the scope of histamine function.

Copyright © 2012 S. Karger AG, Basel

L-Histidine Decarboxylase Gene Knockout Mice

L-Histidine decarboxylase gene knockout (HDC-KO)
mice lack the ability to synthesize histamine and there-
fore histamine-dependent activation via any of the 4

known histamine receptors cannot occur in these ani-
mals [1]. These mice have been used to clarify the role of
histamine in various conditions including anaphylactic
responses and allergic inflammation [2-4], several neu-
rophysiologic functions [5, 6], gastroenterologic disease
[7-10] and cardiovascular disease [11]. Because it is dif-
ficult to achieve complete and long-lasting elimination of
the effects of histamine in vivo using pharmacological
approaches, HDC-KO mice are an excellent tool for
studying the effect of chronic deprivation of histamine in
disease models.

Histamine in Allergic Bronchial Asthma

Histamine is a major mediator that elicits a number of
acute pathological responses in allergic bronchial asthma
[12, 13]. The evidence supporting a pathophysiological
role of histamine in the asthmatic state includes the re-
lease of histamine from cells participating in allergic re-
sponses, the replication of features of allergic inflamma-
tion by application of histamine, the reduction of allergic
inflammation by histamine receptor antagonists and the
reduced eosinophilia in mice genetically modified to not
synthesize histamine [3]. Mast cells and basophils are
considered to be major cell sources of histamine in aller-
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gic reactions. Histamine release from these cells is trig-
gered by the interaction of an allergen with specific im-
munoglobulin E (IgE) bound to the high-affinity IgE re-
ceptor on the cell membrane or by nonspecific stimuli
including exercise or cold dry air. The actions of hista-
mine in allergic asthma may be rather complicated since
it not only has direct actions on smooth muscle and cap-
illaries, but also indirect activity on immune cells and
changes the immunological reaction or effect to sympa-
thetic nerves, which leads to a change in the tone of bron-
chial smooth muscles.

The role of histamine in immunology has been a ma-
jor topic of study over the past 10 years. Dendritic cells
express Hj, H, and Hy receptors [14], and their exposure
to histamine induces a shift toward the dendritic type 2
cells that promote T helper 2 cell (Th2) immune re-
sponses [15, 16]. Studies with mice bearing a targeted
deletion of the H, receptor (H;R) show a reduced pro-
duction of interferon gamma (IFN-+) and increased in-
terleukin (IL)-4 and IL-13 production (results that are
more consistent with the Thl-polarizing function of
this receptor [17]), and these mice are reported to be less
sensitive to methacholine challenge [18]. However, the
effect of an H;R blocker in clinical asthma is controver-
sial. Blockade of the H4R on dendritic cells leads to de-
creases in cytokine and chemokine production and lim-
its their ability to induce Th2 responses in T cells [19].
Recently, it was reported that H4R blockade diminished
airway hyperreactivity in a murine asthma model [20].
Therefore, the HyR may potentially be useful as a thera-
peutic target in bronchial asthma.

We previously examined the role of endogenous his-
tamine on eosinophilic recruitment and hyperrespon-
siveness in an allergic bronchial asthma mouse model
using HDC-KO mice [3]. Histamine levels in the air-
ways of HDC-KO mice were markedly diminished com-
pared to wild-type mice [3]. Inhalation challenge with
ovalbumin (OVA) in OVA-sensitized wild-type mice
caused eosinophil accumulation in the lungs and airway
hyperreactivity to methacholine. On the other hand, eo-
sinophil recruitment to the lungs was significantly re-
duced in HDC-KO mice. Proliferation of eosinophils in
the bone marrow was induced after OVA challenge in
wild-type mice; however, this proliferation was signifi-
cantly lower in HDC-KO mice. In contrast, airway hy-
perreactivity was not suppressed in HDC-KO mice.
These results suggest that endogenous histamine is in-
volved in the accumulation of eosinophils in the airways
after allergic challenge, possibly via effects on the bone
marrow proliferation. Since histamine has eosinophil

Pathophysiologic Role of Histamine:
Evidence from HDC-KO Mice

chemotactic activity via the HyR [21], reduced eosino-
philia in HDC-KO mice could be explained through ac-
tivity at the HyR. Allergen-induced airway hyperreac-
tivity appeared to be independent of airway eosinophil-
ia in this bronchial asthma model.

Histamine in a Systemic Anaphylaxis Model

Compared with other allergic disorders, such as asth-
ma, allergic dermatitis and allergic rhinitis, the patho-
physiology of anaphylaxis appears to be relatively simple.
Antigens bind to IgE receptor molecules on inflamma-
tory cells, activating the cells through the receptors and
causing them to release mediators that increase vascu-
lar permeability and cause smooth muscle contractions,
ultimately leading to urticaria, hypotension, dyspnea,
abdominal cramping and diarrhea [22]. A systemic ana-
phylaxis reaction associated with human allergy can be
elicited in mice that are passively sensitized with trinitro-
phenyl (TNP)-specific antibody and challenged with
TNP,;-OVA as an allergen. The systemic anaphylactic re-
action manifests as hypotension, airway obstruction and
hypothermia [4]. The Fce receptor is expressed on the
plasma membrane of mast cells and is bound to IgE anti-
bodies. Antigen binding to IgE molecules leads to secre-
tion of the granular content into the environmental fluid,
and the secreted granular content triggers the symptoms
observed in systemic anaphylaxis. The reaction starts
from a few minutes after the allergen challenge, and com-
prises an increase in vascular permeability, contraction
of smooth muscle and an increase in mucin secretion.
Circulatory collapse is observed as hypotension, in-
creased heart rate and decreased peripheral resistance,
and eventually leads to death. To elucidate the role of his-
tamine in each of these symptoms, we induced a passive
systemic anaphylaxis reaction in HDC-KO mice and
wild-type mice and compared the changes in these pa-
rameters [4]. Blood pressure dropped in both HDC-KO
and wild-type mice. On the other hand, decreases in re-
spiratory frequency and body temperature and elonga-
tion of expiratory duration occurred only in wild-type
mice. Therefore, in this model, respiratory frequency, ex-
piratory time and body temperature were shown to be
controlled by the activity of histamine, but its contribu-
tion to blood pressure appeared to be minor. Since mast
cell-deficient Kit"/Kit" mice did not show any decrease
in body temperature compared to control mice, it was
most plausible that histamine derived from mast cells
contributed to the decrease in body temperature.

Int Arch Allergy Immunol 3
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Histamine in Chronic Allergic Contact Dermatitis

Repeated application of 2,4,6-trinitrochlorobenzene
(TNCB) produces chronic allergic contact dermatitis in
the skin [23, 24]. We worked to observe the effect of his-
tamine in this model [25]. In this experiment, acute con-
tact dermatitis was induced on the seventh day after sen-
sitization by painting on a single epicutaneous applica-
tion of TNCB. Chronic contact dermatitis was provoked
after repeated epicutaneous application of the same anti-
gen. By using the combination of HDC-KO mice with the
H4R agonist, 4-methylhistamine, and wild-type mice
with the H4R antagonist, JNJ7777120, the activity medi-
ated via the HyR in this model was further analyzed in
vivo. In this model, mast cells and eosinophils migrated
to the subdermal chronic contact dermatitis lesion. The
levels of Th1 and Th2 cytokines in the skin tissue and the
serum IgE level were elevated. The recruitment of mast
cells and eosinophils, and the increases in Th2 cytokine
and serum IgE levels were at least partially effected
through H4R [25]. On the contrary, the elevation in Thl
cytokine level was suppressed by the activation of H,R
[25]. H4R antagonists have been proposed as a treatment
for allergic disease [26]. In our experiment, an HyR an-
tagonist appears to be a promising agent for the treatment
of chronic contact dermatitis as well. We are now assess-
ing the combined application of H; and HyR antagonists
and have observed an additive effect of this combination
for the treatment of this skin model (unpubl. observa-
tion).

Histamine in Atherosclerosis

HDC mRNA levels in the human aorta increase dur-
ing the progression of atherosclerosis. HDC protein has
been localized to macrophage-derived foam cells and
mononuclear cells including lymphocytes [27]. The effect
of histamine on the sclerotic change depends on the ves-
sel size and its localization. At the capillary level, hista-
mine distends the vessel wall and exerts extravasation of
blood. In contrast, at the muscular artery level, which in-
cludes coronary and mesenteric arteries, arteries are con-
stricted by histamine, due to the contraction of medial
smooth muscle cells. Histamine also has a proliferative
effect on smooth muscle cells [28]. To clarify the role of
histamine-producing cells and its effect in atherosclero-
sis, HDC expression in atherosclerotic arteries was ob-
served after mice had received a bone marrow trans-
fusion from green fluorescent protein (GFP)-transgen-

4 Int Arch Allergy Immunol
2012;158(suppl 1):2-6

ic mice [11]. Two different atherosclerosis models were
used - a ligation-induced and a cuff-induced vascular in-
jury model. In the ligation model, the neointima of ath-
erosclerotic carotid arteries contained HDC-positive
cells expressing macrophage marker or smooth muscle
antigens. Interestingly, after the bone marrow transfu-
sion, GFP-positive cells were colocalized with the cells
expressing macrophage and smooth muscle cell markers
at early and intermediate stages in the ligation model. In
contrast, in the cuff model, the HDC-positive cells, which
were positive for Mac-3, were mainly located in the ad-
ventitia, as were the GFP-positive cells after the bone
marrow transfusion. Therefore, in both models bone
marrow-derived cells were recruited to the vessels and
colocalized with HDC-positive cells. In comparison to
wild-type mice, HDC-KO mice showed reduced neointi-
mal thickening and a decreased intima-to-media ratio af-
ter inducing atherosclerotic lesions. These results indi-
cate that the histamine produced from bone marrow-de-
rived progenitor cells, which could transdifferentiate into
smooth muscle cells or macrophage-like cells, is impor-
tant for the formation of neointima and atheromatous
plaques. Since apolipoprotein E (apoE) is reported to be
an important regulator for atherosclerosis, we used apoE-
KO mice to produce a diet-induced model of atheroscle-
rosis. Interestingly again, HDC-KO mice, once crossed
with apoE-KO mice, had a reduced extent of atheroscle-
rosis. However, the cholesterol level in the double-gene
KO mice was greater than in apoE-KO mice [29]. Since it
was reported that vascular permeability to low-density
lipoproteins was reduced in H;R-KO mice, and low-den-
sity lipoproteins in the aortic wall appeared to be an im-
portant trigger of atherosclerosis [30], in apoE-and-
HDC-double-KO mice, transport of serum cholesterol
into the aortic wall may be suppressed and, as a result, it
may accumulate intravenously.

Histamine and Immunity

Histamine is well known for its role in immune reac-
tions and exerts its effects through histamine H;~-H, re-
ceptors [31]. Lately, the role of the HyR in immune reac-
tions is being investigated energetically [32]. Through
H4R, histamine functions not only in adaptive immune
responses but also in innate immunity, i.e. through nat-
ural-killer (NK) cell chemotaxis [33] and cytokine release
from invariant NK T cells iNKT) [34]. In [34], HDC-KO
mice had a numerical and functional deficit in iNKT cells
as evidenced by a drastic decrease in IL-4 and IFN-vy pro-
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duction by these cells after the injection of a-GalCer, a
glycolipid widely used as a specific activator of iNKT
cells. This deficiency of cytokine production was clarified
by measuring cytokine levels in the serum and in the gat-
ed iNKT cells of HDC-KO mice. The defect was due to
the lack of histamine since a single injection of histamine
into HDC-KO mice sufficed to restore normal IL-4 and
IFN-vy production. Histamine-induced functional recov-
ery was shown to be mediated mainly through the H,R
since it could be prevented by a selective HyR antagonist
and by the demonstration of a similar iNKT cell deficit
in HyR-deficient (H;R-KO) mice. These findings identify
a novel function of histamine through the H,R in modu-
lating iNKT cell functions and demonstrate that it may
contribute the initial host defense mechanism. Further-
more, since the production of IL-4 is important for anti-
body class-switching to produce IgE, it is possible that
histamine is not only a canonical allergic effector mole-
cule, but can also regulate the afferent phase of the aller-
gic state as well.

Histamine in Wound Healing

The absence of histamine in HDC-KO mice resulted
in delayed cutaneous wound healing and exogenously ad-
ministered histamine was able to restore this response
[35]. Furthermore, overproduction of histamine in HDC
gene-transgenic mice accelerates the healing process
compared with wild-type mice. These results indicate
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Abstract

Background: Although histamine H1 receptor (H1R) antagonists are commonly
used to treat atopic dermatitis, the treatment is not always effective. The hista-
mine H4 receptor (H4R) was recently described as important to the pruritus in
dermatitis. Here, we investigated whether the combination of a HIR antagonist
plus a H4R antagonist attenuates chronic dermatitis in NC/Nga mice.

Methods: Chronic dermatitis was developed by repeated challenges with picryl
chloride on the dorsal back and ear lobes. The therapeutic effects of the HIR
antagonist olopatadine and H4R antagonist JNJ7777120 on scratching and the
severity of dermatitis were evaluated. In addition, the mechanisms responsible for
the anti-allergic effects of HIR and/or H4R antagonism were examined using
bone marrow-derived mast cells (BMMC) and keratinocytes.

Results: INJ7777120 attenuated scratching behavior after a single administration
and improved dermatitis, as assessed with clinical scores, pathology, and cytokine
levels in skin lesions when administered repeatedly. These effects were augmented
by combined treatment with olopatadine, having a similar therapeutic efficacy to
prednisolone. JNJ7777120 inhibited dose-dependently the production of thymus
and activation-regulated chemokine/CCL17 and macrophage-derived chemokine/
CCL22 from antigen-stimulated BMMC. In addition, olopatadine reversed the
histamine-induced reduction of semaphorin 3A mRNA in keratinocytes.
Conclusion: Combined treatment with HIR and H4R antagonists may have a sig-
nificant therapeutic effect on chronic dermatitis through the synergistic inhibition
of pruritus and skin inflammation.

Atopic dermatitis (AD) is an allergic inflammatory disease
characterized by intense pruritus, chronic eczematous pla-
ques, and relapsing inflammation induced by repeated
exposure to an antigen. The inflamed skin contains mast
cells, eosinophils, and Th2 cells and exhibits histological
abnormalities such as scaling, crusting, and lichenoid papules

Abbreviations

AD, atopic dermatitis; BMMC, bone marrow-derived mast cells;
H1R, histamine H1 receptor; H4R, histamine H4 receptor; HDC,
histidine decarboxylase; MDC, macrophage-derived chemokine;
NGF, nerve growth factor; PiCl, picryl chloride; Sema3A,
semaphorin 3A; TARC, thymus and activation-regulated chemokine;
TSLP, thymic stromal lymphopoietin.
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(1, 2). The cytokine milieu of the inflamed skin shows Th2-
dominant responses indicated by production of IL-4, IL-5,
and IL-13 (2). These responses are triggered by thymic stro-
mal lymphopoietin (TSLP) produced by keratinocytes (3).

Vigorous pruritus is the most important issue for a therapeu-
tic strategy in patients with AD, and the pruritus associated
with AD is poorly controlled clinically and affects the quality
of life of patients. Histamine has been extensively studied for
its pruritogenic effects (4, 5). It has been shown to be a potent
pruritogen when applied to both human normal skin (6) and
diseased skin (7). However, there is no clear evidence that
histamine H1 receptor (H1R) antagonists inhibit it.

Four types of histamine receptors have been identified to
date. The fourth, the histamine H4 receptor (H4R), which
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was cloned in 2000, is expressed on several hematopoietic
cells and plays important roles in the activation of mast cells,
eosinophils, monocytes, dendritic cells, and T cells (8-11).
Thus, H4R is considered a new therapeutic target for allergic
inflammation in case of AD, asthma, and rhinitis (12-15).
Using H4R-deficient mice or a H4R antagonist, it has been
indicated that H4R plays roles in pruritus and acute inflam-
mation (12, 13, 16-19). Previously, we examined the inhibi-
tory effects of anti-histamines, which include pyrilamine, an
HIR antagonist, cimetidine, an H2R antagonist, and thio-
peramide, an H3R/H4R antagonist on TPA-enhanced picryl
chloride (PiCl)-induced allergic dermatitis in mice (12). As
the results, we found that the H2R antagonist showed only a
slight inhibition. In contrast, the HIR antagonist significantly
inhibited the increase in the ear thickness in the early phase
and the H3R/H4R antagonist significantly inhibited the
delayed phase responses such as eosinophil infiltration, and
the combination of the HIR antagonist and the H3R/H4R
antagonist showed additive effects.

As far, there were several trials of the combination of HIR
antagonist and H2R antagonist on AD, which indicated no
benefit (20). Here, we investigated whether or not a H4R
antagonist or H4R plus HIR antagonist inhibits chronic
allergic dermatitis in NC/Nga mice. The mechanisms of
anti-allergic function via the inhibition of H4R and/or HIR
were also verified in vitro.

Materials and methods
Animals

Male NC/Nga mice (specific pathogen-free) aged 6 weeks
were purchased from Japan SLC. All mice were treated in
accordance with procedures approved by the local Animal
Ethics Committee.

Sensitization and repeated challenge

For sensitization, 150 pl of a 5% (w/v) picryl chloride
(Nacalai tesque, Kyoto, Japan) solution (3 : 1 in acetone/eth-
anol) was applied using a micropipette to the thoracic and
abdominal areas. Five days later, the first challenge was per-
formed by applying 200 ul of a 1.2% (w/v) PiCl solution in
olive oil, to the back and to the left and right ears. This pro-
cedure was repeated once a week for up to 10 weeks.

Drugs

Olopatadine (3 mg/kg; AK scientific, Union, CA, USA),
JNJ7777120 (30 mg/kg; provided by Johnson & Johnson
Pharmaceutical Research & Development, L.L.C., San Diego,
CA, USA), and prednisolone (3 mg/kg; Sigma-Aldrich, St.
Louis, MO, USA) were suspended in 0.5% carboxyl methyl-
cellulose and administered orally in a volume of 5 ml/kg every
other day from 5 to 10 weeks after the sensitization. The
doses of these histamine antagonists were selected according
to the previous reports (16, 18, 21, 22). For in vitro experi-
ments, histamine antagonists were dissolved in DMSO and
the final concentration of DMSO was adjusted to 0.1-0.2%.
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Real-time PCR for histidine decarboxylase (HDC) and
measurement of plasma levels of histamine

Forty-eight hours after the fifth challenge at 5 weeks, blood
and the ear lobes were collected. The level of histamine in
plasma was determined using a Histamine EIA kit (SPI-Bio,
Montigny le Bretonneux, France), and total RNA of the tissues
was extracted using an RNeasy Fibrous Tissue Kit (Qiagen,
Hilden, Germany). The primers for real-time PCR were (for-
ward) 5-TGTGTCCGTCGTGGATCTGA-3" and (Reverse)
5-TTGCTGTTGAAGTCGCAGGAG-3' for mouse GAPDH,
and (forward) 5"TCCATTAAGCTGTGGTTTGTGATTC-3’
and (reverse) 5S-CGCTTCTGACCAGAGATTCAAAGTA-3'
for mouse HDC.

Counting of scratching and scoring of dermatitis

Three days after the fifth challenge, the number of times the
mice scratched during 2 h after receiving a single drug dose
was counted and then the severity of the dermatitis was eval-
vated once a week from week 5 to 10 following repeated
treatment. The observation items were (I) flare and hemor-
rhage, (II) edema, (III) excoriation and erosion, and (IV)
incrustation and xerosis. Evaluation items were scored as
follows: 0 = no sign; 1 = mild; 2 = moderate; 3 = severe. The
sum of the scores for each evaluation item (maximum score:
12) was taken as the dermatitis score.

Histological analysis

Ten weeks after the sensitization, the ear lobe was excised and
paraffin-embedded sections were prepared. Serial sections
were stained with hematoxylin—eosin or 0.05% toluidine blue.
CD4™" helper T cells were immunostained with anti-mouse
CD4 antibody (R&D systems, Minneapolis, MN, USA).

Measurement of levels of cytokines in skin lesions and IgE in
plasma

Ten weeks after the sensitization, the ear lobe was immersed
in liquid nitrogen, crushed with an SK Mill (Tokken,
Kashiwa, Japan), and suspended in 1 ml of PBS containing
a protease inhibitor (Complete™; Roche Diagnostics,
Mannheim, Germany). The suspension was centrifuged at
1200 g for 10 min, and the supernatants of tissue homogenates
and the plasma were used to analyze the levels of IL-4, IL-5,
TSLP (Biolegend, San Diego, CA, USA), thymus and activa-
tion-regulated chemokine (TARC) (R&D systems), nerve
growth factor (NGF) (Promega, Madison, WI, USA), and
plasma IgE (Biolegend) with ELISA kits.

Preparation of bone marrow-derived mast cells

Bone marrow-derived mast cells (BMMC) were prepared
from the bone marrow cells aspirated from NC/Nga mice
(6-8 weeks old). The bone marrow cells were cultured in
RPMI1640 medium that contained 10% FBS, HEPES
(25 mM), penicillin (100 units/ml), streptomycin (100 pg/ml),
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and recombinant mlIL-3 (300 pg/ml; R&D systems) for
9 days. More than 80% of bone marrow cells were positive
for FceRI and c-kit, as assessed by flow cytometric analysis
with PE-labeled anti-mouse FceRI antibody (Biolegend) and
FITC-labeled anti-mouse c-kit antibody (Biolegend).

Stimulation of BMMC with anti-DNP IgE and DNP-BSA,
and measurement of levels of thymus and activation-
regulated chemokine (TARC/CCL17) and macrophage-
derived chemokine (MDC/CC1.22)

Bone marrow-derived mast cells were primed overnight with
anti-DNP IgE (0.5 pg/ml; Sigma-Aldrich). The cells were
treated with olopatadine and/or JNJ7777120 for 30 min and
then stimulated with DNP-BSA (1-25 ng/ml; LSL, Japan)
for 24 h. The amount of histamine in the culture medium
was determined by EIA, and TARC and MDC levels were
measured with ELISA kits (R&D systems).

Change of semaphorin 3A (Sema3A) mRNA levels after
histamine treatment in PAM212 cells

PAM 212, a murine keratinocyte cell line, kindly supplied by
Dr. S. H. Yuspa, NCI, NIH, USA, was cultured in
RPMI1640 medium containing 10% FBS, penicillin
(100 units/ml), streptomycin (100 pg/ml), and HEPES
(25 mM). The cells were incubated for 30 min in medium
containing olopatadine and then stimulated with histamine at
various concentrations. The level of mRNA for Sema3A was
evaluated by real-time PCR. The primers for PCR were (for-
ward) 5-AGATGCTCCATTCCAGTTTGTTCAC-3' and
(Reverse) 5-ACATAAGCCACCGCATCACTTGTA-3" for
mouse Sema3A.

Statistical significance

Values are presented as the standard error of the mean. The
statistical significance of the results was analyzed with the
Student’s r-test, Dunnett’s test for parametric analysis, or
corresponding to score for nonparametric analysis.

Results

Increased histamine production and release in mice with
PiCl-induced chronic dermatitis

The NC/Nga mice treated with PiCl for 5 weeks developed
moderate dermatitis with erythema, crusting and skin erosion
on the treated skin and ear lobes (Fig. 1B) compared with intact
mice (Fig. 1A). Forty-eight hours after the fifth treatment, the
level of histamine in plasma (Fig. 1C) and the level of HDC
mRNA in skin lesions (Fig. 1D) were significantly increased.

Effects of single administration of olopatadine and
JNJ7777120 on scratching behavior

Three days after the fifth challenge, drugs were administered
and scratching counts were determined. As shown in Fig. 1E,
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the number of times the mice scratched during 2 h was
significantly increased. Administration of olopatadine or
JNJ7777120 apparently reduced the counts, and combined
treatment significantly decreased them. The anti-pruritus
effect of the combined treatment was as potent as that of
prednisolone.

Amelioration of dermatitis by repeated administration of
olopatadine and JNJ7777120

Olopatadine and/or INJ7777120 were administered every other
day after the fifth treatment with PiCl, and the dermatitis score
was evaluated until week 10. The dermatitis score progressively
increased dependent on the number of challenges with PiCl.
JNJ7777120, but not olopatadine, prevented this increase
(Fig. 1F). Interestingly, combined treatment had a significant
effect from 8 weeks (Fig. 1F), and the severity of the dermatitis
was reduced about 50% compared with the control group at
10 weeks. Consistent with the anti-pruritic effects, dual inhibi-
tion of H1R and H4R was as effective as prednisolone.

Effects of repeated administration of olopatadine and
JNJ7777120 on histological changes and the number of mast
cells

Histological examination revealed that the repeated treatment
with PiCl caused severe acanthosis and the infiltration by
inflammatory cells including lymphocytes and eosinophils of
the ear lobe (Fig. 2B, E). The number of mast cells also
increased significantly (Fig. 2G, I). Combined treatment with
olopatadine and JNJ7777120 improved the hyperepidermis
(Fig. 2C, F). JNJ7777120 decreased the number of mast cells
(Fig. 2H, I). Olopatadine alone did not decrease but
augmented the inhibitory effects of INJ7777120 (Fig. 21).

Effects of repeated administration of olopatadine and
JNJ7777120 on levels of cytokines in tissue and IgE in
plasma

Next, we assessed the levels of IL-4, IL-5, TSLP, TARC, and
NGF in tissue, and IgE in plasma at 10 weeks after the sensi-
tization. Olopatadine decreased the level of NGF but not
11-4, IL-5, TSLP, TARC, or IgE (Fig. 3). In contrast,
JNJ7777120 not only significantly decreased the NGF levels
but also markedly inhibited the increases in IL-4, IL-5,
TSLP, and TARC (Fig. 3). Although neither olopatadine nor
JNJ7777120 alone reduced the plasma IgE level, in combina-
tion they inhibited the increase in IgE level similar to
prednisolone (Fig. 3F). The production of MDC in tissue
was not significantly inhibited by olopatadine, JNJ7777120,
and prednisolone (data not shown).

Effects of olopatadine and JNJ7777120 on production of
TARC and MDC in BMMC

To analyze the mechanism behind the anti-inflammatory
effects of HIR and H4R antagonists, we tested whether
olopatadine and/or JNJ7777120 inhibit TARC and MDC

Allergy 67 (2012) 1014~1022 © 2012 John Wiley & Sons A/S



Ohsawa and Hirasawa

(%3
=1
)

Histamine in chronic allergic dermatitis

z c # D
= — ##
£ 40 2E
g < & 10
230 4 Z =
£ E g
= [SIE=]
< 20 T ol
< =
w -
£ -
o E o
5 10 ZES
i
S |
Normal Control Normal Control
Sensitization - + Sensitization — +
Challenge - + Challenge - +
600 12
o
1E o o F
— 500 - o . 104
=
o g g ]
5 S
£ 400 3 84
§ 300 : o o o B o6 6 -
o 1 o £ -O- Normal *x
E_ 200 4 .° . ° 8 2 44 -e-Control o
2 ] * 5 =4 Olopatadine
© . @) =& INJI7777120
G 100 ° o o 29 O 0lopa. + INJ s rmm oo i
] 8 g 8 g —#— Prednisolone
g ¢ ——0—0%— 0 oo
045 9 0 : : . , .
5 6 7 8 9 10

o o o
WO o ue? R
Figure 1 Increased histamine levels in picryl chloride (PiCl)-induced
chronic allergic dermatitis and effects of olopatadine and
JNJ7777120 on scratching counts and dermatological scores. NC/
Nga mice were sensitized and challenged as described in ‘Materials
and Methods'. Forty-eight hours after the challenge, mice of the
normal group (intact mice, A) and control group (PiCl-sensitized and
challenged mice, (B) were photographed. The levels of histamine in
plasma (C) and histidine decarboxylase (HDC) mRNA in the

produced by BMMC. Bone marrow cells prepared from NC/
Nga mice were induced to differentiate into FceRI™/
c-kit™ mast cells (more than 80%) over 9 days (Fig. 4A).
The stimulation of BMMC with the antigen increased the
levels of histamine (Fig. 4B), TARC, and MDC (Fig. 4C) in
the medium collected at 24 h. The histamine release was
slightly inhibited by olopatadine at 10 pM (about 16% inhi-
bition) but not JNJ7777120 at 30 pM (data not shown). The
production of TARC and MDC was inhibited slightly by
olopatadine at 10 pM and significantly by JNJ7777120 in a
dose-dependent manner (30-100 pM) (Fig. 4C). The H3R/
HA4R antagonist thioperamide (100 pM) also suppressed the
production of TARC (Fig. 4D). Furthermore, JNJ7777120
plus olopatadine inhibited additively TARC production

Allergy 67 (2012) 1014-1022 © 2012 John Wiley & Sons A/S

wo Sﬁs‘?\‘@““‘“

Time after treatment (weeks)

inflamed skin (D) were determined. Three days after the fifth chal-
lenge, mice were orally administered olopatadine (3 mg/kg),
JNJ7777120 (30 mg/kg), olopatadine plus JNJ7777120, or predniso-
lone (3 mg/kg), and then, scratching counts for 2 h were deter-
mined (E). The severity of the dermatitis was scored once a week
from week 5 to 10 during repeated administration (F). Statistical
significance; *P < 0.01 vs normal group (n=4), *P<0.05 and
**P < 0.01 vs control group (n = 6-10).

(Fig. 4D). It was unlikely that JNJ7777120 reduced the
production of these cytokines via toxic effects because
JNJ7777120 did not reduce the antigen-induced release of
11-13 (data not shown).

Consistent with the reduction in TARC and MDC produc-
tion in BMMC, the infiltration of CD4-positive cells in the skin
10 weeks after the sensitization was decreased by the combined
treatment with olopatadine and JNJ7777120 (Fig. 4E, F).

Effects of olopatadine on histamine-induced down-regulation
of Sema3A expression in PAM212 cells

Finally, we tested whether olopatadine and/or JNJ7777120
affect the level of mRNA for Sema3A, the regulatory
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Figure 2 Effects of olopatadine and JNJ7777120 on histological
changes in mice treated repeatedly with picryl chloride (PiCl). Ten
weeks after the sensitization, skin specimens prepared from intact
mice (normal group; A, D), PiCl-treated mice (control group; B, E),
and PiCl-treated mice administered olopatadine plus JNJ7777120 (C,
F) were stained with hematoxylin and eosin and observed with a light

factor of neuronal elongation. The expression of HIR was
detected by real-time PCR, but H4R was not detected in
unstimulated and histamine-stimulated PAM212 cells (data
not shown). The level of mRNA for Sema3A was
decreased by histamine at 10 pM (Fig. 5A). The level
reached a minimum at 3 h and slowly recovered over the
next 9 h (Fig. 5B). The histamine-induced reduction in the
level of Sema3A mRNA was antagonized by olopatadine
(Fig. 5C) but not by JNJ7777120 at 30 uM (data not
shown).

Discussion

In this study, we demonstrated that the HIR antagonist
olopatadine and H4R antagonist JNJ7777120 improved
scratching behavior and skin inflammation in a model of
chronic allergic dermatitis established in NC/Nga mice. The
effectiveness of the combined treatment against the dermatitis
was almost equal to that of prednisolone.
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microscope at magnification x200 (A, B, C) and x400 (D, E, F). The
skin specimens prepared from PiCl-treated mice (G) and PiCl-treated
mice administered olopatadine plus JNJ7777120 (H) were stained
with toluidine blue, and the numbers of mast cells were counted
from four fields with a light microscope x400 (l). Statistical signifi-
cance; *P < 0.05 and **P < 0.01 vs control group (n = 4-5).

Skin aberrations such as erythema, lichenification, and
erosion accompanied the scratching behavior. The findings
that histamine level in plasma and mRNA level for HDC in
skin tissue were elevated in mice with chronic inflammation
suggested histamine to be involved in the development of
chronic allergic dermatitis in this model. As plasma histamine
levels were reported to be significantly higher in patients with
AD than controls (23, 24), this NC/Nga-based model of
chronic dermatitis is an important tool for studying the roles
of histamine in AD.

Recently, the anti-allergic effects of H4R antagonists were
mainly evaluated in dermatitis model in mice (13, 17-19).
Rossbach et al. (17) reported that a combination of H4R
and HIR antagonism has prophylactic effects on acute
hapten-induced scratching, but not chronic dermatitis. Only
the study by Suwa et al. (19) was evaluated therapeutic
effects for a H4R antagonist, but is not evaluated about
benefits on combined treatment of a HIR and a H4R

Allergy 67 (2012) 1014~1022 © 2012 John Wiley & Sons A/S
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Figure 3 Effects of olopatadine and JNJ7777120 on tissue cyto-
kines and plasma IgE levels in picryl chloride (PiCl)-induced chronic
allergic dermatitis. Ten weeks after the sensitization, the levels of

antagonist. In our study, we first clarified with the thera-
peutic efficacies in chronic dermatitis, administered both
HI1R and H4R antagonists. In our model of chronic derma-
titis, a H4R antagonist suppressed the PiCl-induced scratch-
ing behavior and, combined with a HIR antagonist, had an
additive effect as reported in an acute inflammatory model
by Rossbach et al. and chemical-induced pruritus model by
Dunford et al. (16). As Thurmond et al. (25) suggested that
both HIR and H4R are expressed on C-afferent fiber termi-
nals, these drugs might inhibit directly the transmission of
itching responses from the peripheral to central nervous sys-
tem. In addition, we found that both olopatadine and
IJNJ7777120 reduced the level of NGF in skin lesions. It
has been reported that the level of NGF reflected the
severity of itching and eruptions in AD (26, 27) and chan-
ged the correlation with clinical conditions in olopatadine-
treated patients (27). Histamine also induced the production
of NGF via HIR in human keratinocytes (28). Our findings
suggested that H4R as well as HIR was involved in the

Allergy 67 (2012) 1014-1022 © 2012 John Wiley & Sons A/S

cytokines (A-D), nerve growth factor (NGF) (E) in inflamed skin and
total IgE in plasma (F) were determined. Statistical significance;
*P < 0.05 and **P < 0.01 vs control group (n = 6-10).

production of NGF, resulting in the increase in innervation
in the epidermis.

Conversely, Sema3A expression was found to be
decreased at the horn layer with immunohistological stain-
ing in the skin lesions of patients with AD (29). The
decrease in the expression of Sema3A in the inflamed skin
was also observed in our model (data not shown). In addi-
tion, decrease in Sema3A mRNA in the epidermis from
Dermatophagoides farinae-induced chronic dermatitis in
NC/Nga mice was recovered by olopatadine (30). In this
study, we found that histamine decreased the level of
Sema3A and olopatadine blocked this reduction in mouse
keratinocytes. Because human keratinocytes also express
H4R (31), the expression of Sema3A in human keratino-
cytes might possibly be regulated by H4R as well as H1R.
To confirm this possibility, we have now begun studying it
using mouse and human primary keratinocytes. These find-
ings indicated that histamine acting via HIR and H4R
induces the pruritus in chronic skin inflammation through
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Figure 4 Effects of olopatadine and JNJ7777120 on production of
thymus and activation-regulated chemokine (TARC) and macro-
phage-derived chemokine (MDC) by antigen-stimulated bone mar-
row-derived mast cells (BMMC) and infiltration of CD4-positive
cells in the skin lesions. (A) Bone marrow cells freshly prepared
from NC/Nga mice were cultured with IL-3 (300 pg/ml) for 9 days
and the expression of FceRl and c-kit was confirmed by flow
cytometry. (B) BMMC were primed overnight with 0.5 pg/ml of
DNP IgE and then stimulated with DNP-BSA at the indicated con-
centrations. The level of histamine (1 and 24 h) in the supernatant

multiple mechanisms and that the combination of HIR

and H4R antagonists has additive anti-pruritus effects.
Previously, we reported that the H3R/H4R antagonist

thioperamide ameliorated ear swelling in mice with
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was determined. Statistical significance; *P < 0.05 and *#P < 0.01
vs unstimulated. (C, D) The cells were treated with olopatadine,
JNJ7777120 and thioperamide for 30 min, and then stimulated
with DNP-BSA for 24 h. *P < 0.05, **P < 0.01 and ***P < 0.001
vs DNP-BSA stimulation. (E, F) Using the tissue specimens in
Fig. 2, the CD4-positive T cells that had infiltrated the skin lesions
in picry! chloride (PiCl)-treated mice were revealed by immunohisto-
logical staining (control group, E; olopatadine and JNJ7777120-
administered group, F).

TPA-modified hapten-induced allergic dermatitis, and in
combination with the HIR antagonist pyrilamine sup-
pressed the biphasic allergic response: the early phase in which
vascular permeability is increased by the degranulation of
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