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Abstract

Interleukin (IL)-15 overexpression in eosinophilic gastrointestinal disorders is

reported, but IL-150s role in promoting eosinophilic gastroenteritis is largely

unknown. Therefore, we generated enterocyte-overexpressed IL-15 transgenic

mice using Fabpi promoter. The Fabpi-IL-15 (iIL-15) transgenic mice showed

induced IL-15 levels in the jejunum with a marked increase in jejunum

eosinophils. However, no induction of eosinophilia in the blood or any other

gastrointestinal segment was observed. Eosinophilia in the jejunum villus was

substantially higher in iIL-15 mice compared to wild-type mice. In addition,

goblet cell hyperplasia was also observed in the jejunum of iIL-15 mice.

Furthermore, a significant correlation between induced IL-15 transcript and the

IL-18 transcripts was observed. Therefore, to further understand the role of IL-18

in IL-15 mice associated gastrointestinal disorders, we generated iIL-15/IL-

18Ra�/� mice. Using these mice, we found that IL-18 has an important role in

promoting IL-15-induced eosinophilia. As intestinal IL-15 overexpression is

reported in food intolerance, we examined OVA intolerance in iIL-15 mice. The

OVA-sensitized and challenged iIL-15 mice experienced weight loss, diarrhea and

eosinophilia in the jejunum. Taken together, our findings demonstrate that

intestinal IL-15 overexpression induces IL-18-dependent eosinophilia and

immunoglobulins in the intestine that promotes food allergic responses.

INTRODUCTION

Interleukin (IL)-15 is an important pleiotropic cytokine

that is involved in the regulation of Th1 and Th2

immune responses1 and is expressed by a large number

of cell types including intestinal epithelial cells,

monocytes, macrophages and dendritic cells (DC).2

Previously, it has been reported that enterocytes produce

and respond to IL-153 and IL-15 potently stimulates

intraepithelial lymphocytes.4 These reports attract our

attention to the role of IL-15 in eosinophilic

gastroenteritis. IL-15 overexpression was reported in both

the lamina propria and intestinal epithelium of patients

with active celiac disease and the patients treated with a

gluten-free diet.5 IL-15 overexpression was detected

mainly in the enterocyte cell surface, rather than found

secreted in the patients with celiac disease, suggesting a

role in regulating intraepithelial lymphocytes through the

cell-to-cell contact. Previously, we reported induced IL-15

in eosinophilic esophagitis (EoE) patients and showed

that IL-15Ra gene-deficient mice were protected from the

induction of EoE.6 IL-15 is a growth and survival factor

for iNKT cells and mechanistically we showed that iNKT

cells upon activation by IL-18 releases eosinophil active

cytokines that promote eosinophils accumulation in the

esophagus.7,8 Notably, we and others reported that the

overexpression of IL-18 promotes lung and esophageal

eosinophilia8,9 and the levels of IL-18 correlate with the

tissue eosinophilia in human EoE.7 Therefore, we tested

the hypothesis that synergy of IL-15 and IL-18 may have

an important role in eosinophil-associated inflammatory

gastrointestinal diseases (EGID). Accordingly, we

examined the role of IL-18 in intestinal IL-15

overexpressed mice in promoting intestinal eosinophilia

273

Immunology & Cell Biology 2018; 96: 273–283
www.wileyonlinelibrary.com/journal/icb

http://orcid.org/0000-0003-4266-4684
http://orcid.org/0000-0003-4266-4684
http://orcid.org/0000-0003-4266-4684
www.wileyonlinelibrary.com/journal/icb


and associated disorders. The intestinal IL-15

overexpressed (iIL-15) mice were generated using the

intestine-specific rat fatty acid–binding protein (Fabpi)

promoter10 and IL-18Ra-deficient intestinal IL-15

overexpressed mice by cross-breeding iIL-15 and

endogenous IL-18Ra-deficient mice. Fabpi promoter has

been extensively used to generate small intestine

enterocytes-specific gene overexpressed mice.10 Taken

together, intestinal epithelium-induced IL-15

overexpressed mice showed IL-18-dependent induced

intestinal eosinophilia, goblet cells in the small intestine

that promote food allergen-associated allergic responses.

RESULTS

Analysis of Fabpi-IL-15 transgenic mice

The phenotype of intestinal-specific Fabpi-IL-15 transgenic

mice generated, using the construct shown in Figure 1a,

was assessed by real-time PCR as described in the method

section.11,12 The expression level of IL-15 was measured in

the jejunum of three different mouse lines generated in our

facility along with wild-type mice. All three mice had

increased IL-15 expression in the intestine than did wild

type. The mouse line 1.3 showed the highest expression

with ~15-fold increase in relative IL-15 mRNA expression

(Figure 1b) and ~10-fold increase in protein levels

(Figure 1c) compared to wild-type mice in the jejunum of

Fabpi-IL-15 transgenic (iIL-15) mice. Additionally, iIL-15

mice showed induced IFN-c, but not TNF-a protein in the

jejunum compared to wild-type mice (Figure 1d, e).

Intestinal IL-15 (iIL-15) overexpression does not affect

blood, esophagus and colon eosinophilia in mice

Next, we evaluated the hypothesis that overexpression of

IL-15 in intestinal enterocytes would have an effect on

the blood eosinophils in the transgenic mice. Our analysis

showed that 8-week-old Fabpi-IL-15 transgenic (iIL-15)

mice have comparable eosinophilia in the blood

(Figure 1f) or tissues like esophagus (Figure 1g) and

colon (Figure 1h) to age- and sex-matched wild-type

mice. Taken together, these results demonstrate that

ectopic expression of IL-15 in intestinal enterocytes has

no effect on peripheral eosinophilia or other

gastrointestinal segments, except the jejunum.

iIL-15 overexpression induces jejunum eosinophilia in

mice

It was relevant to determine whether Fabpi promoter-

driven overexpression of IL-15 would induce the

accumulation of eosinophils specifically in the jejunum.

Notably, Fabpi transgene expression has been restricted

only to the jejunum.10,13 The jejunum of iIL-15

transgenic mice shows induced tissue eosinophilia

compared with wild-type mice. Few eosinophils were

detected in wild-type mice and these eosinophils were

mainly restricted to the crypt region with very few

detected in the villus (Figure 2a–b), whereas eosinophil

accumulation in the jejunum occurred in the lamina

propria, submucosa and villus including in the epithelial

layer of iIL-15 transgenic mice (Figure 2c–d).
Interestingly, the iIL-15 transgenic mice showed highly

elongated villus and induced eosinophilia compared to

wild-type mice (Figure 2a–d). The quantitative analysis

indicated total eosinophil levels were increased ~4-fold in

the jejunum of iIL-15 transgenic mice compared to wild-

type mice; however, the eosinophil numbers in the villus

was increased >10-fold (Figure 2e).

Analysis of immunoglobulin (IgE, IgG1 and IgG2a)

levels in iIL-15 transgenic mice

In a number of allergic diseases, immunoglobulin (Ig)

levels is shown to be elevated along with IL-15.14 The

relationship of whether IL-15 had some role in affecting

blood Ig levels had yet to be explored. Therefore, we

examined IgE, IgG1 and IgG2a levels in the blood of

wild-type and iIL-15 mice by commercially available

ELISA kit (BD Biosciences). Interestingly, 8-week-old iIL-

15 mice showed induced levels of IgE and IgG1

(Figure 2f–g), but reduced levels of IgG2a in the blood

compared to the age- and sex-matched wild-type mice

(Figure 2h). These data provide the evidence that IL-15

contributes to the regulation of immunoglobulin levels in

mice.

Overexpression of IL-15 correlates with the levels of

eosinophils

Next, we examined whether intestinal IL-15 gene

expression correlates with induced eosinophil

accumulation in the jejunum. Accordingly, a statistical

correlation study was performed on the transcript

expression of IL-15 to the jejunum eosinophilia. First, the

b-actin-normalized IL-15 mRNA levels and the number

of eosinophils in approximately 20–30 villus/mice were

examined in 10-week-old iIL-15 mice compared to wild-

type mice (Figure 3a and b). Second, the IL-15 mRNA

expression in the jejunum and eosinophils number in the

villus of 6-, 8- and 10-week-old iIL-15 transgenic mice

were analyzed for determining the statistical correlation.

A highly significant correlation (r2 = 0.529, P < 0.001) in

the levels of eosinophil and IL-15 mRNA was observed

(Figure 3c).
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Goblet cell hyperplasia detected in iIL-15 transgenic

mice

Goblet cells are present throughout the GI tract and they

are the main source of mucins production and provide

innate defense.15 To determine whether IL-15

overexpression induces goblet cell hyperplasia, we

assessed goblet cells by performing PAS staining in the

jejunum tissue sections of wild-type and iIL-15 mice.

Interestingly, an increase in a number of goblet cells was

observed in the jejunum of iIL-15 mice compared to

wild-type mice (Figure 4a and b). The increased

extracellular mucus staining in the tissue sections was

also observed in IL-15 overexpressed mice compared to

the wild-type mice. The quantitative analysis indicated

that iIL-15 transgenic mice had a > 2.5-fold increase in

the levels of jejunum goblet cells compared to wild-type

mice (P < 0.01, Figure 4c).

IL-15 and IL-18 interaction is critical in promoting

jejunum eosinophilia and goblet cell hyperplasia

in iIL-15 mice

IL-15 and IL-18 are potent immunostimulatory cytokines

that have the ability to induce numerous inflammatory

diseases. In addition, both these cytokines are reported to be

present in higher levels in a number of gastrointestinal

diseases including EoE.6 Therefore, we were interested in

examining the cooperative role of IL-15 and IL-18 in

promoting intestinal eosinophilia. First, we examined the

IL-18 protein levels in the jejunum of iIL-15 transgenic mice

and found significantly increased levels of IL-18 in the

jejunum overexpressing IL-15 (P < 0.001, Figure 5a). Next,

we determined the association between IL-18 and IL-15

gene expression in the intestine of iIL-15 transgenic mice.

Our real-time PCR analysis indicated a significant

correlation (r2 = 0.5064, P < 0.001) between IL-15 and

IL
-1

5 
(p

g 
m

g–
1  p

ro
te

in
)

P < 0.001

Eo
si

no
ph

ils
x1

04
pe

r m
l

Eo
si

no
ph

ils
 p

er
 m

m
2

Eo
si

no
ph

ils
 p

er
 m

m
2

IN
F-

γ
(p

g 
m

g–
1  p

ro
te

in
)

TN
F-
α

((p
g 

m
g–

1  p
ro

te
in

)

Mouse 
Lines      iIL-15 1.1              iIL-15 1.2              iIL-15 1.3

m
R

N
A 

IL
-1

5/
β-

A
ct

in

P < 0.001 NS

NS NS NS

(a)

(c) (d) (e)

(f) (g) (h)

(b)

Figure 1. Generation of intestine-specific promoter (Fabpi)-driven IL-15 transgenic mice. The cDNA fragment encoding the open reading frame

of murine IL-15 was cloned into the BamHI site present in a 3.5-kb EcoRI fragment containing 1200 bp of rat Fabpi promoter linked to 2100 bp

of the hGH gene. The position of the PCR primers used for the detection of the Fabpi-IL-15 was indicated (a). The intestinal IL-15 mRNA

expression of three lines of Fabpi-IL-15 transgenic mice was generated and gene product was quantified by performing real-time PCR analysis.

(b). The iIL-15 line # 3 showed >10-fold increase of IL-15 protein levels compared to WT mice (c). iIL-15 mice showed induced IFN-c (d), not

TNF-a (e) protein in the jejunum compared to wild-type mice. Eosinophil levels in the peripheral blood (f), esophagus (g) and colon (h) have

been shown in wild-type and iIL-15 transgenic mice. Shown are the means � s.d. from two separate experiments (n = 4 mice/group/experiment).

NS - not significant.
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IL-18 mRNA expression in different age groups (6, 8 and

10 weeks) of iIL-15 transgenic mice (Figure 5b). Third, to

determine whether IL-15 induced eosinophilia and goblet

cell hyperplasia are mediated by IL-18, we generated IL-

18Ra-deficient iIL-15 transgenic mice. The IL-18Ra-
deficient mice were cross-bred with the iIL-15 transgenic

mice as described previously,12 resulting in IL-18Ra-
deficient mice. Anti-MBP immunostaining analysis detected

significantly reduced jejunum eosinophilia in iIL-18Ra-
deficient iIL-15 transgenic mice compared to the iIL-15

mice (P < 0.01, Figure 5c). Furthermore, the PAS staining

detected highly reduced jejunum goblet cells in iIL-18Ra-
deficient iIL-15 transgenic mice compared to the iIL-15

transgenic mice (P < 0.05, Figure 5d). These data indicate

that IL-18 mediates IL-15-induced intestinal eosinophilia

and goblet cell hyperplasia in iIL-15 transgenic mice.

IL-18 has a role in IL-15-induced eosinophil active Th2

cytokines in iIL-15 mice

Furthermore, to establish the role of IL-18 in IL-15-

induced intestinal eosinophilia, we examined eosinophil

active cytokines like IL-4, IL-5, IL-13, IL-33 and TSLP in

wild-type mice, IL-18Ra-deficient mice, iIL-15 mice and

IL-18Ra-deficient iIL-15 transgenic mice. The iIL-15

transgenic mice showed significantly induced mRNA levels

of IL-4, IL-5 and IL-13 compared to wild-type, IL-18Ra
gene-deficient mice and IL-18Ra-deficient iIL-15

transgenic mice in the jejunum region (Supplementary

figure 1a–c). However, a comparable level of IL-33 and

TSLP mRNA was observed in between wild-type mice,

IL-18Ra gene-deficient mice, iIL-15 mice and IL-18Ra-
deficient iIL-15 transgenic mice (Supplementary figure

1d,e). A similar significantly elevated protein level of IL-4,

IL-5 and IL-13 was also observed in the jejunum region of

intestine iIL-15 transgenic mice compared to wild-type,

IL-18Ra gene-deficient mice and IL-18Ra-deficient iIL-15
transgenic mice (Supplementary figure 1f–h).

IL-15 intestinal overexpressed mice show intolerance to

the food allergen

IL-15 has been reported induced in a number of

inflammatory gastrointestinal diseases including EoE6 and
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Figure 2. Baseline eosinophils in wild-type and iIL-15 transgenic mice. A representative photomicrograph of anti-MBP-stained jejunum section from

wild-type mice (a, b) and Fabpi-IL-15 transgenic mice (c, d) detected eosinophils. The morphometric analysis shows eosinophil levels in WT and IL-15

transgenic (iIL-15) mice (e). Levels of immunoglobulin of IgE (f), IgG1 (g) and IgG2a (h) were shown in the iIL-15 mice compared to WT mice.

Eosinophil levels were expressed as eosinophils/mm2. Shown are the means � s.d. from three separate experiments (n = 3 or 4 mice/group/

experiment). Arrows indicate anti-MBP stained eosinophils. [The color version of this figure can be viewed at www.wileyonlinelibrary.com/journal/icb]
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IL-15 blockade resulted in the reversal of autoimmune

intestinal damage.16 Therefore, we next determined the

role of IL-15 overexpression in food tolerance by

challenging the mice with OVA following the protocol

described in the method section. We observed that each

iIL-15 transgenic mouse started losing body weight after

the 1st OVA-challenge that continued through the last

OVA-challenge, whereas, an increase in weight was

observed in OVA-challenged wild-type mice and might

be associated with higher water intake in the first week of
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Figure 4. Induced goblet cells hyperplasia in the jejunum of iIL-15 mice. PAS-stained jejunum tissue section of WT (a) and iIL-15 (b) mice

detected goblet cells (photomicrographs presented are 9400 of original magnification). Morphometric quantitation of goblet cells in iIL-15 mice

compared to wild-type mice (c). Shown are the means � s.d. from three separate experiments (n = 4 mice/group/experiment). Arrows indicate

PAS stained Goblet cells. [The color version of this figure can be viewed at www.wileyonlinelibrary.com/journal/icb]
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allergen challenge. No significant change in weight gain

or loss was observed in sensitized mice challenged with

saline (Figure 6a). The gain or loss of the mouse body

weight was divided by each mouse’s original body weight

and percent gain or loss was calculated using standard

method to calculate their percentage change in body

weight. Diarrhea in iIL-15 transgenic mice was recorded

in 20–30% of mice (two out of six mice) after the 5th

challenge and 100% (six out of six mice) of mice showed

diarrhea after the 6th challenge. Diarrhea recovery was

observed in 60% of mice (four out of six mice) after the

7th challenge, and following the 8th and 9th OVA-

challenge, 70–80% (five out of six mice) of the mice

again showed the occurrence of diarrhea. In contrast,

none of the sensitized and OVA-challenged wild-type

mice showed the symptoms of diarrhea (Figure 6b). We

also examined the mast cells and eosinophil numbers in

the jejunum of OVA and Alum-sensitized and saline or

OVA-challenged wild-type and iIL-15 transgenic mice.

The sensitized wild-type and iIL-15 transgenic mice

showed a comparable number of mast cells in the

jejunum following saline- or OVA-challenge (Figure 6c).

However, an increased jejunum eosinophilia and goblet

cells hyperplasia were observed in OVA-challenged iIL-15

transgenic mice compared to OVA-challenged wild-type

mice (Figure 6d and e). Furthermore, to understand the

mechanism operational in jejunum eosinophilia, goblet

cells hyperplasia and food intolerance in iIL-15 transgenic

mice, we examined eosinophil active cytokines and mucin

gene expression levels in saline and OVA-challenged wild-

type and iIL-15 transgenic mice. The iIL-15 transgenic

mice showed significantly induced mRNA levels in the

jejunum region of IL-4, IL-5 and IL-13, IL-18 TNF-a and

MUC5A in iIL-15 mice compared to wild type, which

further stimulated following OVA-challenged iIL-15

mice compared to OVA-challenged wild-type mice

(Figure 6f–k). These data indicate that intestinal IL-15

overexpression promotes food intolerance that may be

associated with the induction of Th2 cytokines, mucin

genes and IL-18 in particular.

DISCUSSION

Antigen-presenting cells and epithelial cells are the major

source of IL-153,6,17 and we present evidence that

eosinophilia and epithelial cell hyperplasia occurs in the

esophagus and intestine following the induction of

experimental, human EoE and other EGID.18,19 Th2-

associated cytokines (IL-4, IL-5 and IL-13)20,21 are

implicated in a number of eosinophil-associated

gastrointestinal disorders, but the significance and

mechanism of induced IL-15 in EGID is completely

overlooked. IL-15 is induced in a number of food and other

allergen-induced gastrointestinal diseases including EoE and

celiac disease.6,22,23 It is well reported that IL-15 is an iNKT

cell growth and survival factor that is also implicated in

inducing IgE and eosinophil active cytokines and

chemokines.7,8 Food-specific IgE levels have been detected in

the majority of eosinophilic gastroenteritis patients. Notably,

the correlation of IL-15 mRNA levels with esophageal
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Figure 5. IL-18 has a role in promoting jejunum eosinophilia and goblet cell hyperplasia in iIL-15 mice. The protein level of IL-18 was induced in

iIL-15 mice compared to the WT mice (a). A strong correlation in the levels of IL-15 and IL-18 mRNA was observed in the jejunum of iIL-15 mice
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eosinophils in patients with active EoE was previously

reported.6 Both macrophages and dendritic cells are the rich

source of IL-15 and have a role in both innate and adaptive

immunity. Under certain conditions, these cells produce a

number of mediators that activate T cells to generate

inflammatory cytokines.24,25 We previously reported

increased IL-15 expressed macrophages in experimental

EoE.6 In addition, IL-15-dependent induction of IL-18 has

been shown in mice26 and we reported that IL-15 responsive

iNKT cells in response to IL-18 release eosinophil-associated

Th2 cytokines that promote EoE pathogenesis and both have

a correlation with tissue eosinophilia.7,8 Therefore, in the

current study, we dissected the consequences of

overexpressing IL-15 in enterocytes using an enterocyte-

specific promoter (Fabpi).10,13 Experimental analyses of

IL-15 intestine transgenic mice have established several

fundamental principles. First, Fabpi promoter-driven IL-15

overexpression in the intestine demonstrates a significant

impact on regulating eosinophil accumulation only in the

small intestine, resulting in induced jejunum eosinophilia

compared to wild-type mice. The esophagus and colon do

not show any induced eosinophilia in Fabpi-IL-15 intestinal
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Figure 6. OVA intolerance was observed in iIL-15 transgenic mice. OVA/Alum-sensitized and OVA-challenged iIL-15 mice show dose-dependent

decrease in their body weight (a) and occurrence of diarrhea (b) compared to the sensitized and challenged WT mice. No weight gain or loss
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transgenic mice, unlike the small intestine. No induction of

blood eosinophilia in iIL-15 mice indicates that intestinal

expression of IL-15 may not directly influence the

hematopoietic organs in expanding eosinophils in the

peripheral blood. Furthermore, these studies also

demonstrated that expression of IL-15 in enterocytes induces

a change in the regional distribution of eosinophils within

the intestinal tract. In wild-type mice, most eosinophils

reside within the base of the crypt; few were detected in

lamina propria of the intestine. In contrast, IL-15 transgenic

mice have a marked accumulation of lamina propria

eosinophils within the villi, consistent with the expression of

the Fabpi transgene in villus-associated enterocytes.10,13

Increased expression of IL-15 in enterocytes likely induces

the selective migration of lamina propria eosinophils from

the base to within the villus and even infiltrated the

epithelium. The intraepithelial eosinophils were also

observed in almost all EGID and are a characteristic feature

of the disease state.27,28 Additionally, we show that iIL-15

transgenic mice also induce mast cells. More importantly, we

found that the IL-15 mRNA expression in the jejunum

strongly correlated with induced jejunum eosinophilia.

Additionally, goblet cell hyperplasia and induced mucin

staining in the jejunum of iIL-15 transgenic mice was

observed, which was consistent with previously reported

studies that an association between IL-15 and induced goblet

cells has a role in innate defense.15,29,30 Previously, we

showed that IL-15 exposed T cells induce STAT5-regulated

eosinophil active cytokines IL-4, IL-5 and IL-13,6,31 and

IL-13 induction was associated with the development of

goblet cell hyperplasia.32 Similarly, in multiple studies,

peripheral or tissue eosinophilia has been shown to be

dependent on IL-5;33–35 and recently, we showed that IL-18-

activated iNKT cells also promote eosinophilia in EGID.7

Notably, IL-15 is a growth and survival factor for iNKT cells

and iNKT activation has been shown to promote eosinophil

active cytokines. Herein, we provide direct evidence that

induced IL-15 has a role in promoting intestinal

eosinophilia. Furthermore, to confirm that IL-15 and IL-18

cooperation promotes intestinal eosinophilia, we first

examined the IL-18 levels in the intestinal tissue of IL-15

transgenic mice. Highly induced IL-18 was observed in

iIL-15 transgenic mice and statistical correlation data

indicated a strong correlation between IL-15 and IL-18 gene

expression in the intestine. Furthermore, to establish the role

of IL-18 in promoting jejunum eosinophilia in iIL-15

overexpressed mice, we generated IL-18Ra gene-deficient

iIL-15 overexpressed mice. These mice showed a significant

reduction of jejunum eosinophilia compared to iIL-15 mice.

The data indicated that indeed IL-18 cooperates in

promoting jejunum eosinophilia in iIL-15mice.

Furthermore, as IL-15 levels were increased in food

intolerance in a number of gastrointestinal diseases

including celiac disease, we investigated the role of induced

IL-15 in food intolerance. Our data indicate that iIL-15

mice are intolerant to OVA. The OVA sensitization and

intragastric OVA-challenge reduce body weight and trigger

diarrhea in iIL-15 transgenic mice, whereas the same OVA-

sensitized and saline-challenged wild-type mice were

protected from losing body weight or induction of diarrhea.

A similar weight gain in wild-type OVA-sensitized and -

challenged mice was also reported previously and is

consistent with our observation.36 Interestingly, the iIL-15

mice following OVA sensitization and challenge do not

induce mast cells but induce eosinophilia. Additionally, we

observed that IL-15 overexpression correlates with IL-18 in

the jejunum of iIL-15 mice. Thus, iIL-15 transgenic mice

food intolerance is not only associated with induced

jejunum eosinophilia and goblet cell hyperplasia but some

other mechanism may also be operational in promoting

food intolerance in iIL-15 mice.

Notably, mast cells induction and association in OVA-

induced diarrhea in wild-type mice was previously

reported; however, the OVA-challenged iIL-15 do not show

induced mast cells. No induction of mast cells was observed

and it may be due to the different protocol regime of OVA

sensitization and challenge that has been used in previous

studies.37,38 Notably, IL-15-induced eosinophils and its role

in gastrointestinal innate and adaptive immunity were

observed. However, in contrast to the intestine, a different

response of IL-15 was also observed and recently reported

for lung airway obstruction in experimental asthma.31 The

IL-15-induced protective lung airway responses are

independent of tissue eosinophilia. The lung and the

intestine have a different microenvironment, especially in

regards to the microorganism and immune cells that make

it up. Segments of the gastrointestinal tract, from the

stomach all the way to the colon, always have a baseline

level of eosinophilia.11 The lungs, however, do not show a

baseline level of eosinophilia in a health state. Taken

together, the current study indicated that IL-15

overexpression, associated eosinophilia and goblet cell

hyperplasia is mechanistically associated with the

synergistic effect of IL-18 and IL-15 that needs further

attention to understand eosinophil-associated gastro-

intestinal disorders and food intolerance.

METHODS

Generation and characterization of Fabpi-IL-15

transgenic mice

Enterocytes have been demonstrated to be a chief source of a
number of chemokines and cytokines in inflammatory lesions
in patients with diverse gastrointestinal inflammatory
disorders.39,40 We were interested in examining the
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consequences of overexpressing IL-15 by intestinal enterocytes.
The 1.2-kb 50-flanking region of the rat Fabpi gene contains
all of the necessary elements to promote specific expression of
transgenes in enterocytes of the small intestine.10,13 Therefore,
oligonucleotides containing BamHI sites were ligated to both
ends of a 489-bp fragment containing the entire coding region
of murine IL-15 cDNA amplified by PCR incorporating an
improved Kozak consensus sequence and BamHI restriction
sites on both ends. Both cDNAs were ligated into the BamHI
site of the PBSIF1178-hGHpgkNeo plasmid,10 which consists
of a ~3.8-kb EcoRI fragment containing nucleotides -1178 to
+28 of rat Fabpi promoter linked to nucleotides +3 to +2150
of the human growth hormone (hGH) gene (except for its 50

regulatory sequences) as shown in Figure 1a. The transgene
plasmid was propagated in Escherichia coli DH5a cells, and the
transgene fragment was liberated by EcoRI endonuclease
digestion and purified using the QIAEX DNA extraction kit
(Qiagen Inc., Chatsworth, CA). After extensive dialysis, the
linearized fragment was microinjected into the pronucleus of
fertilized eggs from FVB/N mice (Transgenic Core Facility,
Children’s Hospital Medical Center, Cincinnati, OH).
Furthermore, these FABPi-IL-15 transgenic mice were
converted into Balb/c background by crossing with Balb/c
mice for 10 generations and used in the studies. Specific
pathogen-free, wild-type (Balb/c) mice and IL-18R-a gene-
deficient mice (8- to 10-week old) were obtained from the
Jackson Laboratory (Bar Harbor, ME). The Tulane
Institutional Animal Care and Use Committee (IACUC)
approved the animal protocols that were employed in
accordance with National Institute of Health (NIH)
guidelines.

Identification and genotyping of Fabpi-IL-15 (iIL-15)

transgenic mice

Transgenic mice were identified and further genotyped by two
PCR reactions using an upstream mIL-15 primer with Fabpi
forward primer, product size 244 bp and downstream mIL-15
primers with hGH reverse primer, product size 323 bp as per
the design. (Figure 1a). The primers used for the genotyping
of mice are listed in Supplementary table 1a.

Generation of IL-18Ra-gene-deficient/Fabpi-IL-15

transgenic mice

Mating IL-18 Ra gene-deficient mice with Fabpi-IL-15 mice
generated IL-18Ra gene-deficient/IL-15 overexpressing mice as
described previously by us.12,41

OVA sensitization and challenge protocol

Wild-type and iIL-15 transgenic mice were sensitized with
intraperitoneal injection of 200 mg OVA with 1 mg Alum on
day 0 and day 7. The sensitized iIL-15 mice were challenged
intragastric on day 14 with OVA (100 mg), nine times on
alternate days. During the protocol regime, individual mouse
weight loss and diarrhea were recorded.

Eosinophil tissue analysis

All segments of the gastrointestinal tract including the
esophagus, jejunum and colon of wild-type and Fabpi-IL-15
transgenic mice (or any other generated gene-deficient-
transgenic mice) were fixed with 4% paraformaldehyde/PBS,
processed using standard histological techniques, and
immunostained with antiserum against mouse major basic
protein (MBP), as previously described.11,12 Briefly, 5 lm
sections were blocked with normal goat serum and stained
with a rat anti-murine MBP antiserum (gift of J. and N. Lee,
Mayo Clinic, Scottsdale, AZ). The slides were washed and
incubated with biotinylated goat anti-rat antibody and avidin-
peroxidase complex (Vectastain ABC Peroxidase Elite kit;
Vector Laboratories, Burlingame, CA). The slides were then
developed by nickel diaminobenzidine, enhanced nickel cobalt
chloride to form a black precipitate, and counterstained with
nuclear fast red.

Quantification of eosinophils

Eosinophils were quantified by counting the anti-MBP-positive
cells in the epithelial mucosa and lamina propria of the
esophagus. Eosinophil numbers and area of each esophageal
tissue section were measured and calculated with the assistance
of digital morphometric analysis (Luminera Corporation,
Infinity Analyze 6.1.0) and expressed as eosinophils per mm2.
Furthermore, the same software was used to measure epithelial
cell layer thickness. The intestinal sections were taken from the
same position in each set of mice, and at least 4 or 5 random
sections/mouse were analyzed. Using digital image capture,
tissue regions associated with the entire lamina propria or
with the lamina propria associated with villi only were
quantified for the total MBP-positive cell numbers relative to
the total tissue area. Calculated eosinophil levels are expressed
as eosinophils per mm2 as previously reported.28,42

Goblet cells and mucus production analysis

Jejunum samples were fixed with 4% paraformaldehyde in
phosphate buffer (pH 7.4), embedded in paraffin, cut into
5-lm sections, and fixed to positively charged slides.
Periodic acid Schiff reaction staining (Poly Scientific R&D
Corp., Bay Shore, NY) was then performed on the tissue
sections, according to the manufacturer’s recommendations.
Results were expressed as the PAS+ mucus-producing cells
per mm2.

Blood eosinophil and serum IgE, IgG2a and IgG1

analysis

Peripheral blood samples were collected in heparinized tubes
(Becton Dickinson, Franklin Lakes, NJ) from the inguinal
artery of anesthetized mice. Eosinophil levels were directly
determined with Discombe’s stain.12,28 Total serum IgE,
IgG2a, IgG1 levels were measured by ELISA (BD Biosciences,
San Diego, CA) analysis using the manufacturer’s protocol.
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Quantitative PCR

Total RNA was isolated from the intestinal samples using
TRIZOL (Invitrogen, Indianapolis, IN). The RNA samples
(500 ng) were subjected to reverse transcription using iScript
reverse transcriptase (Bio-Rad, Hercules, CA) according to the
manufacturer’s instructions. IL-4, IL-5, IL-13, IL-15, IL-18
TNF-a, TSLP and lMUC5AC levels were quantified using gene-
specific primers by real-time PCR (IQ5, Bio-Rad) as reported
previously.41,43,44 Results were then normalized to mouse b-
actin or GAPDH amplified from the same cDNA mix and
expressed as relative gene expression as described
previously.6,7,12 Specific transcripts from cDNA were amplified
using the gene-specific primers listed in Supplementary table 1b.

ELISA analysis

Cytokine levels in intestinal homogenates were measured using
ELISA kits for IL-4, IL-5, IL-13, IL-15, IL-18 (eBiosciences,
San Diego, CA), IFN-c and TNF-a (R & D Systems,
Minneapolis, MN). The detection limits were 4 pg mL�1 for
IL-4, IL-5, IL-13, IL-15, IL-18, and 15 pg mL�1 for IFN-c and
TNF-a.

Statistical analysis

Data are expressed as mean � s.d. Statistical significance comparing
different sets of mice was determined by Student’s t-test.
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Supplementary Table 1.

A. List of primers used for Genotyping of Fabpi-iL-15 (iIL-15) transgenic mice.

B. List of primers used RT-PCR analysis.

Name of primer Primer sequence

1 upstream mIL-15 primer AAGGCTTTCAATTTTCTCCAGGTC

2 Fabpi forward primer CTCTAGTGGACAGGACCGAATCTC

3 mIL-15 downstream CTGCAATGAACTGCTTTCTCCTGG

4 hGH reverse primer CTGCAATGAACTGCTTTCTCCTGG

Name of

primers
Forward Primer Reverse Primes

1 mβ-Actin CGATGCCCTGAGGCTCTTTTCC CATCCTGTCAGCAATGCCTGGG

2 mGAPDH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC

3 mIL-4 CCTCACAGCAACGAAGAACA ATCGAAAAGCCCGAAAGAGT

3 mIL-5 TCCCATGAGCACAGTGGTGAAAG CACAGTACCCCCACGGACAGTTT

4 mIL-13 CATGGCGCTCTGGGTGACTG CGGCCAGGTCCACACTCCATAC

5 mIL-15 TTGCAGTGCATCTCCTTACG CCTTCCAAACACAGCAGGAT

6 mIL-18 ACTTTGGCCGACTTCACTGT GGGTTCACTGGCACTTTGAT

7 mIL-33 GGCTGCATGCCAACGACAAGG AAGGCCTGTTCCGGAGGCGA

8 mTSLP CCAGGCTACCCTGAAACTGA TCTGGAGATTGCATGAAGGA

9 mTNF-α GACGTGGAAGTGGCAGAAGAG′ TGCCACAAGCAGGAATGAGA
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