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Introduction: Endemic obesity is considered the driving force for the dramatic increase in
incidence of type 2 diabetes (T2D). There is mounting evidence that chronic, low-grade
inflammation driven by Th1/Th17 cells and M1 macrophages, is a critical link between
obesity and insulin resistance. IL-25 promotes development of a Th2 immune response and
M2 macrophages that counteract the inflammation associated with obesity and T2D.
Methods: Mice were fed a high-fat diet (HFD) for 16 weeks and then treated with IL-25 or
BSA as a control for 21 days. Body weight, blood glucose levels, intraperitoneal glucose
tolerance, and gene expression were evaluated in mice treated with BSA or IL-25. Ob/ob
mice fed a normal control diet were also treated with BSA or IL-25 and body weight and
blood glucose levels were measured. Transepithelial electrical resistance and sodium-linked
glucose absorption were determined in muscle-free small intestinal tissue and glucose
absorption assessed in vitro in intestinal epithelial and skeletal muscle cell lines.

Results: Administration of IL-25 to HFD fed mice reversed glucose intolerance, an effect
mediated in part by reduction in SGLT-1 activity and Glut2 expression. Importantly, the
improved glucose tolerance in HFD mice treated with IL-25 was maintained for several
weeks post-treatment indicating long-term changes in glucose metabolism in obese mice.
Glucose intolerance was also reversed by IL-25 treatment in genetically obese ob/ob mice
without inducing weight loss. In vitro studies demonstrated that glucose absorption was
inhibited by IL-25 treatment in the epithelial IPEC-1 cells but increased glucose absorption
in the L6 skeletal muscle cells. This supports a direct cell-specific effect of IL-25 on glucose
metabolism.

Conclusion: These results suggest that the IL-25 pathway may be a useful target for the
treatment of metabolic syndrome.
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Introduction

Endemic obesity is considered the driving force for the dramatic increase in incidence of
type 2 diabetes (T2D). Immunometabolism is an emerging field of investigation, and
a major focus has been the contribution of pro-inflammatory cytokines and mediators to
obesity and the disruption of metabolic homeostasis. There is mounting experimental and
clinical evidence showing that chronic, low-grade inflammation is a critical link between
obesity and insulin resistance.' > This low-grade inflammation in obesity is found
systemically, as indicated by increased circulating levels of pro-inflammatory cytokines
including TNF-0, Macrophage Migration Inhibitory Factor (MIF), IL-6*° and leukocytes
expressing a pro-inflammatory cytokine profile in obese individuals.” Plasma levels of
IL-12 are elevated in obese patients and recent evidence highlights IL-12 family
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cytokines as potential regulators linking obesity to nutrient
intake and insulin resistance.>” Th17 cells are associated
with T2D, and IL-17A and IL-17F remain strong markers of
Th17 responses.” In addition, low-grade inflammation is found
in metabolically important tissues, such as liver and adipose
tissue, and features accumulation of various types of inflam-
matory cells (Th1/Th17 cells, macrophages, etc.).”
Anti-inflammatory agents are a major target for insu-
lin-sensitizing therapies and have been validated in animal

10,11

studies. Recent clinical trials targeting pro-

(TNFo, IL-1B,
Inhibitor of Nuclear Factor Kappa B Kinase Subunit

inflammatory  cytokines/mediators
Beta (IKKp)), however, were only modestly successful in
treating diabetes.'””'” IL-22, an IL-10 family member
generated by type 3 innate lymphoid cells (ILC3), Th17
and Th22 cells, improved metabolic syndrome parameters
in mice fed a high-fat diet (HFD) and genetically obese
leptin-receptor-deficient (db/db) mice.'® A limiting factor
in these studies is that targeting a single inflammatory
cytokine or mediator may not yield robust therapeutic
benefits. Other factors include insufficient drug concentra-
tions and concerns about adverse effects. These issues
demonstrate the need for a different strategy and approach
in the development of anti-inflammatory biological treat-
ments for diabetes.

IL-25 is a member of the IL-17 cytokine family that
plays a major role in the promotion and initiation of type 2
immunity, downregulation of Th1/Th17 pro-inflammatory
cytokines, such as IL17A and IL-12, and development of
alternatively activated macrophages (M2)."°' The GI
epithelium produces IL-25, and the relatively rare double-
cortin-like kinase 1 (DCLK1)" tuft cells are the sole
epithelial source.”® Tuft cell hyperplasia occurs during
of Th2
cytokines.”® Of interest, we and others showed that hepa-

nematode infection-induced upregulation
tocytes also produce IL-25.2**° In addition, we demon-
strated that the receptor for IL-25 (IL-25R) is
a heterodimer consisting of IL-17RB and IL-17RA,*
which is expressed by various cells such as structural
cells (enterocytes, adipocytes, skeletal muscle), immune
cells including macrophages®®?' and ILC2 that mediate
Th2 immunity.?’ In addition, IL-25-responsive innate
cells, including IL-13-producing ILC2, regulate weight
and glucose homeostasis in mice fed a HFD via the induc-
tion and maintenance of eosinophils and M2 in visceral
adipose tissue.”® Thus, IL-25 represents a viable immuno-
metabolic target for the treatment of obesity and associated
T2D. Although there are a number of studies that have

evaluated IL-25 administration in mice fed a HFD,
whether the beneficial effects of IL-25 treatment are
retained after treatment is unknown. In addition, there is
less information on its effects on genetically obese mice or
on the effects of IL-25 on intestinal epithelial and skeletal
muscle metabolism. The goal of the present study was to
determine the effects of IL-25 administration on diet- and
genetically induced changes in glucose metabolism and
explore the potential mechanisms of these effects.

Materials and Methods
General Husbandry

All mice were maintained in a specific pathogen-free facil-
ity with a 12-h light/dark cycle (6PM/6AM) with free
access to food and water. These studies were conducted
with institutional approval from both the University of
Maryland, Baltimore and the USDA Beltsville Area
Animal Care and Use Committees, in accordance with
principles set forth in the Guide for Care and Use of
Laboratory Animals, Institute of Laboratory Animal
Health and

Resources, National Research Council,

Human Services Publication.

High-Fat Diet (HFD) Model of Obesity
The murine model of HFD-induced T2D is commonly
used for evaluating efficacy of anti-diabetic drugs. Mice
were fed either the normal control diet (NCD, 10% of kcal
from fat) or the HFD (60% of kcal from fat) (Research
Diet, New Brunswick, NJ) ad libitum unless indicated.
Male C57BL/6 mice were fed the NCD or HFD for 16
weeks and were weighed weekly. After feeding the HFD
for 16 weeks, mice were fasted overnight, weighed, and
fasting glucose measured (One Touch Ultra Meter). Based
on these data, mice were individually randomized to
achieve matched (BW and fasting blood glucose) groups.
Mice were injected ip with IL-25 (mouse rIL-25, R&D
Systems, Minneapolis, MN) at a dose of 2 pg/kg three
times weekly or 5 pg/kg twice weekly for 21 days. To
serve as control groups, mice fed the HFD and NCD were
treated with bovine serum albumin (BSA) using the 3
times weekly schedule. During the IL-25 or BSA treat-
ment, all mice were weighed daily for the first week and
then every three days thereafter. Following the 21-day
treatment period, body weight and blood glucose levels
were monitored periodically in groups of mice from the
BSA and IL-25 treatment.
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Genetic Model of Obesity

After HFD-induced obesity, the ob/ob mouse is the next
most well-documented murine model of T2D. The ob/ob
mouse is genetically deficient in leptin and displays meta-
bolic abnormalities like those observed in obese humans
with T2D. Male lean WT mice and ob/ob (7-week-old,
Jackson Laboaratory, Bar Harbor, ME) were fed the NCD,
weighed every three days, and fasting blood glucose tested
every two weeks until fasting levels in ob/ob mice were
>150 g/L. At that time, WT and ob/ob mice were rando-
mized to achieve matched (BW and fasting blood glucose)
groups and both WT and ob/ob mice were injected ip with
BSA or IL-25 at a dose of 5 pg/kg three times/week for 21
days. At the end of the treatment period, tissues were
weighed and processed for subsequent analyses.

Food Intake

Food intake was determined in all groups of mice in all
studies by weighing the food every three days to determine
intake/cage, and then calculated for intake/mouse. In some
of the HFD diet groups, food intake in cages of mice
receiving BSA was matched to that of mice receiving IL-
25. The remaining food was weighed daily and every three
days the amount of food available to the BSA-treated HFD
group was matched by weight to the previous 3-day intake
of the corresponding IL-25 treated HFD group.

Intraperitoneal Glucose Tolerance Test
(IPGTT)

After an overnight (~16 hrs) fast, glucose was adminis-
tered (1.5 g/kg body weight) intraperitoneally (ip) in PBS.
The levels of glucose in blood taken from the tail were
measured using a OneTouch Ultra glucometer (LifeScan,
Milpitas, CA) just before glucose administration and then
30, 60, and 120 minutes later.”>

Tissue Weights
At euthanasia spleen, liver, subcutaneous fat (left side),
epididymal fat was excised, rinsed, blotted dry, and weighed.

Molecular Analyses

At the time of euthanasia, sections of small intestine, liver,
and visceral fat were processed and stored for subsequent
real-time PCR analysis. As per manufacturer’s instruc-
tions, total RNA was extracted from full thickness sections
of upper (jejunum) small intestine with TRIzol reagent
(Invitrogen, Carlsbad, CA). RNA integrity, quantity, and

genomic DNA contamination were assessed using the
Agilent Bioanalyzer 2100 and RNA 6000 Nano kit
(Agilent Technologies, Palo Alto, CA). Only those RNA
samples with 28S/18S ratios between 1.5 and 2 and no
DNA contamination were studied further. RNA samples (2
png) were reverse-transcribed to cDNA using the First
Strand cDNA Synthesis Kit (MBI Fermentas, Hanover,
MD) with random hexamer primer. Amplification reac-
tions were performed on an iCycler detection system (Bio-
Rad, CA). Primer sequences were designed using Beacon
Designer 5.0 (Premier Biosoft International, Palo Alto,
CA) and synthesized by the Biopolymer Laboratory of
the University of Maryland. Primer sequences used for

SGLt] and Glut2 were published previously.>*~*°

Functional Analyses

Muscle-free sections of small intestinal mucosae were
taken from mice fed the HFD or ob/ob mice and mounted
in modified microsnapwells to determine changes in trans-
epithelial electrical resistance (TEER).**° TEER was
measured at 30-min intervals using a planar electrode
(Endohm Snap electrode) connected to an EVOM-G WPI
analyzer (World Precision Instruments) and expressed as
ohms per square centimeter. In mice fed the HFD, muscle-
free samples of small intestine were also mounted in
Ussing chambers that exposed 0.126 cm? of tissue to
5 mL of Krebs buffer and allowed to equilibrate for 25
min. Glucose (0.625 to 40 mM) was added to the mucosal
side of the mounted tissue to assess sodium-linked glucose
absorption.

Cell Cultures

The IPEC-1 cell line (obtained from Dr Harry Dawson,
USDA/ARS/BHNRC) was used for the in vitro studies.
Undifferentiated IPEC-1 cells were maintained by serial
passage in growth medium (GM): Dulbecco’s modified
Eagle’s medium/F12 medium (Invitrogen) supplemented
with 5% fetal bovine serum (Invitrogen), insulin (5 pg/
mL), transferrin (5 pg/mL), selenium (5 ng/mL) (TS
Premix®™, BD Biosciences, Bedford, MA), epidermal growth
factor (5 pg/liter) (BD Biosciences), penicillin (100 U/mL),
and streptomycin (100 pg/mL) (Invitrogen). To induce dif-
ferentiation, undifferentiated cells were harvested by trypsi-
nization, and 0.25 x 10° cells/well were plated on 35-mm
diameter collagen-coated dishes (Costar, Corning, Inc.).
Cells were maintained in serum containing GM for 48
h and then switched to the same medium containing 10~
M dexamethasone (Sigma), but without FBS. Medium was
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then changed every 2 days. After 10 days, IPEC-1 cells
exhibit enterocytic features, including polarization with
well-defined microvilli facing the apical medium.*’ The
cells were used for immunofluorescence cell staining or
glucose uptake. Rat L6 skeletal muscle cells were main-
tained at sub-confluent conditions in growth media contain-
ing DMEM with 0.045 g/mL glucose, 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal bovine serum. Cells
were maintained in a humidified 37°C incubator with ambi-
ent oxygen and 5% CO2. The use of mammalian cell lines
has been approved by the Institutional Biosafety Committee.

2-NBD Glucose Uptake Assays

To study the cellular glucose uptake, a glucose uptake cell-
based assay kit was used following manufacturer’s instruc-
tions (Cayman Chemical, Ann Arbor, MI). The kit
employs 2-NBDG, a fluorescent-labeled deoxyglucose
analog, as a probe for the detection of glucose uptake by
cultured cells. Differentiated iPEC-1 cells or rat L6 skele-
tal muscle cells were incubated with IL-25 at two concen-
trations (50, 100 ng/mL) for 2 hours and then with the
fluorescent glucose analog 2-NBDG for 2 hours to mea-
sure cellular glucose uptake. 2-NBDG uptake was mea-
sured using an Eclipse TE2000-S microscope with filters
for detecting fluorescein, and the fluorescence intensity
was quantified by Imagel software (NIH Image).

Statistical Analyses

Data are expressed as means = SEM. Significance was
determined using a one-way analysis of variance
(ANOVA) followed by Bonferroni test to compare differ-
ences among two or more means. A p value of <0.05 was
considered significant.

Results
IL-25 Treatment Resulted in Significant

Weight Loss in HFD Mice

BSA-treated mice fed the HFD gained an average of 1.87
gm over the 21-day treatment (Figure 1A and Supplemental
Figure 1A). In contrast, mice fed the HFD and treated with 2
pg/kg of IL-25 three times per week lost an average of 14.2
gms or 24.9% of their initial weight. Similarly, mice fed the
HFD and treated with 5 pg/kg of IL-25 twice weekly lost an
average of 14.8 gms or 25.8% of their initial weight
(Figure 1A and B, supplemental Figure 1 B-C). Despite

the significant weight reduction in IL-25-treated mice fed
the HFD all mice fed the HFD weighed significantly more

than the mice feed the NCD. Other than transient hypopha-
gia in both the HFD and ob/ob mice, no other adverse
effects of IL-25 treatment were noted.

IL-25 Treatment Resulted in Significant
Changes in Organ Weights in HFD Mice

To determine if IL-25 induced reductions in body weight
were associated with corresponding alterations in tissue
weights, we collected and weighed the metabolically sensi-
tive tissues, liver, epididymal fat and subcutaneous fat. Liver
weight was increased significantly in BSA-treated mice fed
the HFD and treatment with either the dosing regimen of 2 or
5 pg/kg of IL-25 normalized liver weights (Supplemental
Figure 2A). Both epididymal (Supplemental Figure 2B) and

subcutaneous (Supplemental Figure 2C) fat expressed as

a percent of body weight were increased significantly in
mice fed the HFD and this increase was attenuated similarly
by both dosing regimens of IL-25. The spleen acts as
a secondary lymphoid organ and spleen weight was unaltered
in mice fed the HFD alone but was increased significantly by
both IL-25 dosing regimens indicating IL-25 elicited
a systemic immune response (Supplemental Figure 2D).

IL-25 Improved Glucose Tolerance in
HFD Mice

To determine if IL-25 induced weight loss was associated
with improved glucose tolerance, we determined glucose
levels in mice fed the HFD diet before and after treatment
with BSA or IL-25. Fasting blood glucose levels were
increased significantly by feeding mice the HFD and
remained elevated in BSA-treated mice over the 21-day per-
iod. In contrast, both dosing regimens of IL-25 significantly
lowered fasting glucose (Figure 2A and Supplemental
Figure 3A—C). At the end of the 21-day treatment period, all
mice underwent an IPGTT. Peak glucose levels were signifi-
cantly higher in BSA-treated mice fed the HFD when com-
pared to mice fed the NCD and remained elevated even at 120
minutes (Figure 2B). In contrast, treatment with either the 2 or
5 ng/kg dosing regimens normalized the IPGTT (Figure 2B)
as well as the calculated area under the curve (Figure 2C).

Dependence of IL-25 Effects on Glucose
Tolerance on Weight Loss in Mice Fed the
HFD

To determine the contribution of IL-25 induced weight loss
on the normalized glucose tolerance in IL-25-treated mice,
we matched the HFD food intake in a group of BSA-treated
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Figure | IL-25 treatment induces body weight loss in mice fed the HFD. Mice were fed the NCD or HFD for 16 weeks followed by ip injection with IL-25 at a dose of 2 ug/
kg three times weekly or 5 pg/kg twice weekly for 21 days and periodically weighed. Panel (A) change in body weight in grams over 21 days in mice fed the NCD or HFD and
treated with IL-25. (B) percent changes in body weight over time in BSA or IL-25-treated mice fed the HFD (% of pretreatment weight); mean+SEM, n=7-8 *p<0.05,

*#p<0.01 versus NCD; ¢ p<0.05 versus BSA treated HFD.
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Figure 2 IL-25 treatment reduces fasting blood glucose levels and improves glucose tolerance in mice fed the HFD. Mice were fed the NCD or HFD for 16 weeks. (A)
Fasting blood glucose levels measured before and after IL-25 treatment for 21 days, **p<0.01 versus pretreatment value (day 0); (B) intraperitoneal glucose tolerance test
(IPGTT) administered 2| days after IL-25 treatment; and (C) calculated area under the IPGTT curve. Mean+SEM, n=7-8 **p<0.01 versus NCD.

mice to that of a group of mice treated with 5 pg/kg of IL-25
three times weekly. The matched group’s food intake closely
paralleled that of the IL-25 treated group and food intake
was consistently less than in the BSA treated group fed ad
libitum (Figure 3A). When food intake/cage was corrected to
body weight/cage, there was a significant difference in food
intake between the BSA treated HFD group fed ad libitum

over the entire treatment period (46.81 + 0.83 vs 37.18 +
2.78 mg/g bw/day; p < 0.05) and the BSA treated food
matched group; however, there was no difference between
the IL-25 treated group (36.09 + 2.66 mg/g bw/day) and the
BSA treated feed matched group . Despite the near identical
food intake, the IL-25 treated group lost a greater percentage
of body weight over the treatment period than the BSA
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Figure 3 Body weight loss and improvement in glucose tolerance is not simply the results of decreased food consumption. Mice were fed the HFD for 16 weeks and treated
with BSA or IL-25 and feed intake measured. One group of mice receiving BSA had their feed restricted to levels consumed by the IL-25 treated mice. (A) Daily feed intake
in BSA, IL-25 treated and BSA-feed matched groups; (B) changes in body weight in BSA, IL-25 treated and BSA-feed matched groups, *p<0.05, **p<0.01 vs BSA-treated HFD
group, ¢ p<0.05 vs IL-25 group; (C) glucose levels during an intraperitoneal glucose tolerance test (IPGTT) in NCD or HFD fed mice treated with BSA, with or without feed
restriction, or IL-25; and (D) calculated area under the curve (AUC) of the IPGTT curves in (C) mean+SEM, n=7-8 *p<0.05, **p<0.01 vs NCD group, ¢ p<0.05 vs NCD.

treated food intake matched group (Figure 3B). In addition,
body weight in the BSA treated food matched group, but not
in the IL-25 treated cohort, showed signs of recovery by the
end of the 3-week treatment period. Changes in IPGTT
(Figure 3C) and in the area under the curve (Figure 3D) in
these groups mirrored the changes in body weight in that the
BSA treated feed matched HFD cohort had intermediate
values between the IL-25 and BSA treated ad libitum

groups.

IL-25 Affects Intestinal Glucose
Absorption in HFD Mice

We previously showed that nematode infection as well as
exogenous administration of IL-4, IL-13 or IL-25 induced
a stereotypic inhibition of glucose absorption in mice fed
a traditional diet?'”** This effect was attributed to
a decrease in the sodium linked glucose transporter —1
(SGLT1) activity, rather than expression.”” In the present

study, sodium linked glucose transport was reduced
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significantly in BSA-treated mice fed the HFD and was inhib-
ited further by both doses of IL-25 (Figure 4A). SGLTI
expression also was reduced in the BSA-treated mice fed the
HFD, but not in the IL-25 treated mice fed the HFD
(Figure 4B). These data indicate that the HFD affected nutrient
absorption and that IL-25 has additive effects on inhibition of
glucose absorption that are independent of SGLT1 expression.

The Metabolic Effects of IL-25 Extend

Beyond the Treatment Period in HFD Mice
To determine if the beneficial effects of IL-25 persisted
beyond the treatment period, cohorts of IL-25-treated mice
fed the HFD were monitored after cessation of therapy.
Body weight and fasting glucose levels were determined
weekly. Mice steadily gained weight over a six-week follow-
up period (Figure 5A); however, fasting glucose levels
remained steady throughout (Figure 5SB). These data indicate
that IL-25 is an effective therapy against HFD-induced
hyperglycemia, and that the beneficial effects of IL-25 con-
tinue for an extended time post-therapy.

IL-25 Effects on Body Weight and
Glucose Tolerance in Genetically Obese
Mice

At the end of the 21-day treatment period, the 5 pg/kg IL-
25 dosing regimen did not alter body weight in either the

A Glucose Absorption
250+
NE 200+ HFD
g
‘o’ 150+
0
£ *
Q -
o 100
c
©
<
O 50
*%
*%
0- NCD 0 2 5

IL-25 (ug/kg)

WT (WT/BSA 26.5 + 0.6 vs WT/IL-25 26.4 + 0.6) or ob/
ob mice (ob/ob/BSA 63.3 &+ 1.9 vs ob/ob/IL-25 60.5 + 1.8)
fed the NCD diet. Fasting glucose levels were significantly
higher in BSA treated ob/ob mice when compared to BSA
treated WT. Fasting glucose levels were reduced by treat-
ing ob/ob mice twice weekly with 5 pg/kg IL-25 but had
no effect on WT mice when compared to BSA treatment.
IGPTT was also performed in cohorts of mice from each
group. Peak glucose levels occurred at 30 minutes in all
groups and were significantly higher in the BSA-treated
ob/ob group when compared to the corresponding WT
group (Figure 6A). IL-25 therapy significantly reduced
peak glucose levels in ob/ob mice, while IL-25 had no
effect on WT mice. The effect of IL-25 on glucose toler-
ance was confirmed by a significant reduction in the AUC
(Figure 6B). The intestinal expression of SGLT1 was
similar in all groups (Supplemental Figure 4A) but Glut2

expression was reduced in WT, but not in ob/ob mice
(Supplemental Figure 4B).

IL-25 Effects on TEER in HFD-Induced
and Genetic Obesity

There is evidence that obesity and hyperglycemia are
associated with increased intestinal permeability.***> To
determine if intestinal permeability was increased in the

small intestine in diet-induced obesity and/or in

B SGLT1 expression
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™ 1.25+ HFD
(=)
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Figure 4 Feeding mice the HFD reduces sodium linked glucose transport and SGLT| expression that are further changed by IL-25 treatment. (A) Sodium-linked glucose
transport was reduced significantly in BSA-treated mice fed the HFD compared to mice fed a NCD and was inhibited further by both doses of IL-25. (B) SGLT | expression
was significantly reduced in mice fed the HFD compared to mice fed a NCD but was reversed by IL-25 treatment. Mean+SEM, n=5 *p<0.05, **p<0.01 vs NCD.
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Figure 5 Body weight is regained by post IL-25 treated mice fed the HFD but the beneficial effects on glucose tolerance were maintained. (A) Body weight in HFD-fed mice
was monitored after cessation of IL-25 treatment for 48 days; (B) fasting blood glucose post cessation of IL-25 treatment in HFD fed mice. mean+SEM, n=7 *¥p<0.01 vs 0
days post treatment.
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Figure 6 IL-25 treatment improves glucose tolerance in genetically obese ob/ob mice. WT or ob/ob mice were treated with BSA or IL-25 for 21 days and the effect of IL-25
treatment on glucose levels during intraperitoneal glucose tolerance test (IPGTT), (A) and the area under the curve (AUV) of the IPGTT curves determined, (B) mean+SEM,
n=8-10 **p<0.01 vs WT BSA; ¢ p<0.05, ¢ ¢ p<0.0l vs ob/ob BSA.

genetically obese mice TEER was measured. We con- not further reduce TEER (Supplemental Figure 5A). In

firmed previous reports of enhanced permeability in the contrast, IL-25 reduced TEER in WT mice but not in ob/
small intestine of mice fed a HFD and show that IL-25 did  ob mice (Supplemental Figure 5B).
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Acute Effects of IL-25 on Glucose
Absorption in IPEC-1 and L-6 Skeletal

Muscle Cells in vitro

Receptors for IL-25 are present in both immune and struc-
tural cells. Therefore, IL-25 may have direct beneficial
effects on structural cells, such as enterocytes, adipocytes,
and skeletal muscle. To better understand how IL-25 may be
affecting glucose metabolism in vivo, we initiated experi-
ments to evaluate the effect of IL-25 on glucose absorption
by gut epithelial and skeletal muscle cells. To investigate the
acute inhibitory effects of IL-25 on glucose uptake, IPEC-1
cells were co-incubated with IL-25 at two concentrations
(50, 100 ng/mL) and then with the fluorescent glucose
analog 2-NBDG for 120 min. As shown in Figure 7A,
glucose uptake was significantly reduced by 50, 100 ng/
mL IL-25, respectively (p < 0.05). In contrast, IL-25 treat-
ment enhanced glucose uptake in skeletal muscle L6 cells.
Treatment with 100 ng/mL of IL-25 significantly stimulated
glucose uptake compared to control and was comparable to
the increase seen with 100 nM insulin treatment (Figure 7B).

A IPEC-1 intestinal cells
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Discussion

There is increasing recognition of the contribution of
immune cells, such as eosinophils, tuft cells, ILC2, and
most recently y3 T cells to the maintenance of the lean
gut phenotype. IL-25 is unique in that its primary source
in the gut is the epithelial tuft cell, which has chemosen-
sing properties conferred by the gustatory G protein o-
gustducin that sense pathogens.*® Although tuft cells

comprise only 0.4% of epithelial cells,’’

they are
increased significantly during Th2-driven responses. IL-
25-responsive innate cells, including IL-13-producing
ILC2, regulate weight and glucose homeostasis in mice
fed a HFD via the induction and maintenance of eosino-
phils in visceral adipose tissue.*’ In addition, IL-25
promotes macrophage polarization towards the M2 phe-
notype that is characteristic of lean tissues.*?%*%3 In the
present study, we demonstrate that IL-25 treatment can
positively impact glucose metabolism in both diet-
induced and in genetically obese mice. Importantly, the
effects of IL-25 HFD-induced

beneficial against

B Rat L6 skeletal muscle cells
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Figure 7 IL-25 has a direct effect on glucose uptake in iPEC-1 cells and skeletal smooth muscle cells. Differentiated iPEC-| cells (A) or L6 skeletal cells (B) were incubated
with IL-25 at two concentrations (50, 100 ng/mL) for two hours and then with the fluorescent glucose analog 2-NBDG for 2 hours to measure cellular glucose uptake.
2-NBDG uptake was measured using an Eclipse TE2000-S microscope and the fluorescence intensity was quantified by Image] software (NIH Image). Mean+SEM, n=5-6

*#p<0.01 vs 0.
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hyperglycemia extend beyond cessation of therapy indi-
cating long-term IL-25 induced changes in glucose
metabolism.

Feeding a HFD has multiple effects on gut function
that contribute to obesity-induced inflammation. Mice fed
a HFD had increased small intestinal permeability with
reduced expression of tight junction proteins. This facil-
itates translocation of bacteria or bacterial products lead-
ing to dysbiosis and metabolic endotoxemia and can be
reversed by antibiotic treatment.** Germ-free mice were
also protected against metabolic syndrome induced by
a HFD,* further implicating the microbiota in the HFD-
induced changes in barrier function. In the present study,
both IL-25 alone and the HFD reduced small intestinal
TEER, consistent with previous findings, but IL-25 did not
exacerbate the effects of the HFD indicating perhaps
a limit to lower levels of barrier function as measured by
TEER. IL-25 also did not decrease TEER in ob/ob mice.
Both ob/ob mice and nematode infected mice, which upre-
gulates IL-25, have low levels of leptin. Leptin is known
to increase gut permeability and to be pro-inflammatory,
and the latter effect may be offset by treatment with IL-25
by promoting a M2 phenotype in macrophages. This is
supported by the observation that IL-25 inhibited mono-
cyte-derived cytokines and prevented LPS induced lethal
endotoxemia in mice.*' Taken together, these data show
diet rather than genetic-induced hyperglycemia negatively
impacts barrier function. This may be attributed to hyper-
glycemia and/or dysbiosis, but the absence of a further
reduction by IL-25 is important when considering its ther-
apeutic potential.

Caloric intake is an important factor in obesity, and IL-25
treatment had different effects on weight loss in the HFD and
hyperphagia-induced obesity in ob/ob mice. Mice on the HFD
experienced a transient reduction in food intake; however,
when food intake in a BSA-treated HFD group was matched
to that in the IL-25 treated HFD group, only about 10% of the
weight loss in the IL-25 treated group could be attributed to
reduced food intake. Moreover, BSA matched mice gained
weight from day 14-21 coincident with increased food intake.
In contrast to the results obtained with mice fed the HFD, IL-
25 treatment did not result in weight loss in the ob/ob mice. IL-
25 is thought to be part of the immune-mediated hypophagia
associated with enteric nematode infection®”*? that is linked to
increased release of CCK, a hormone that inhibits food
intake.*> Mice fed a HFD and subjected to a nematode infec-
tion also exhibited increased levels of IL-25 and decreased
expression of the immunoregulatory adipokine leptin.*’

Importantly, both the HFD and genetic obesity significantly
increased fasting blood glucose as well as peak IPGT levels
and both parameters were lowered significantly by IL-25
irrespective of weight loss.

Carbohydrate absorption is an active process that
involves cotransport of sugar with sodium ions through the
SGLT-1, the activity of which is enhanced by GLP* and
reduced by CCK and leptin.***® There is also a growing
recognition of the importance of the insulin-sensitive bidir-
ectional glucose transporter, GLUT2. On the basolateral
aspect, GLUT?2 facilitates glucose exit from the enterocyte
and GLUT2 is also sensitive to metabolic changes, with
translocation to the luminal side of enterocytes in obesity®’
thus, further enhancing glucose uptake. The content and
amount of luminal nutrients in the diet drive the changes in
intestinal morphology and function that distinguish the intes-
tine in lean and obese individuals.*® Carbohydrate transporter
expression is modulated by Iluminal availability of
carbohydrates® such that diet high in starch or sucrose
and GLUT2.>
Trafficking of GLUT?2 to the apical membrane is regulated

upregulates the expression of SGLT1

by SGLT1 activity resulting in enhanced glucose absorption,
a mechanism that matches transport to dietary intake.
Reports that glucose absorption is more rapid and efficient
in obese than in lean subjects predisposing to weight gain and
T2D3' have been attributed, in part, to the upregulated
expression of SGLT1 and GLUT2 in T2D patients.>* In the
present study, the HFD decreased both SGLT1 activity and

53,54 and

expression consistent with previous observations
supporting the opposing effects of carbohydrate versus fat
on glucose transporter function and expression. That the
transporters are not regulated by hyperphagia in mice fed
a normal diet is reinforced by the absence of changes in
SGLT1 or GLUT2 expression in ob/ob mice. IL-25 treatment
further reduced glucose absorption in mice fed the HFD,
consistent with our previous findings of inhibited SGLT1
activity and decreased GLUT2 expression induced by Th2
cytokines, IL-25, and nematode infection.?'*>335 These
data provide further support for an effect of IL-25 on glucose
metabolism in both models that is independent of weight
loss. This idea is consistent with previous studies demonstrat-
ing that cytokines induced by nematode infection, which
include IL-25, induce a “lean enterocyte” phenotype.”’
Intestinal epithelial cells express receptors for IL-25 and as
observed in vivo,”? IL-25 treatment inhibited glucose uptake
into the porcine epithelial cell-line IPEC-1 demonstrating
a direct effect on glucose transport.
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In contrast to the intestine, the major insulin-regulated
glucose transporter in mammalian skeletal muscle and adi-
pose tissue is glucose transporter protein 4 (GLUT4).>®
Indeed, transport of glucose into the skeletal muscle cells
is mediated primarily by GLUT4 and is the rate-limiting
step in whole-body glucose metabolism under normoglyce-
mic conditions. Skeletal muscle accounts for ~75% of
whole-body insulin-stimulated glucose uptake and T2D
impaired skeletal muscle handling of glucose.”” GLUT4 is
downregulated in adipose tissue and in skeletal muscle in
obesity. Herein, IL-25 treatment increased glucose uptake
into L6 skeletal muscle cells in vitro comparable to that
induced by insulin, suggesting that improved glucose meta-
bolism in IL-25 treated mice may be due in part to increased
glucose uptake in skeletal muscle.

The long-term changes in adipose and other tissues that
continue even after weight loss have immune underpin-
nings and are termed obesogenic memory.”® IL-25
mediated changes in host-protective immunity and gut
function are dependent on IL-13 and STAT6.*' IL-25
promotes development of M2 macrophages in HFD

mice, s

an effect associated with reduced lipolysis and
hepatic steatosis.’” In the present study, the beneficial
effects of IL-25 treatment on glucose metabolism persisted
for weeks after cessation of treatment. Obesity-induced
inflammation reduces the number of ILC2 cells in adipose
tissue.®® Exogenous IL-25 stimulates ILC2 release of IL-5
and IL-13 that can restore the Th2 bias in immune cells,
thus opposing the

inflammatory effects of obesity that can lead to metabolic

including macrophages, pro-
syndrome. IL-25 administration increased ILC2 cells and
M2 in VAT of obese mice,?® and this may contribute to the
persistence of a Th2 environment with improved glucose
intolerance and insulin sensitivity even after cessation of
IL-25 treatment. This is consistent with our previous find-
ings showing the decrease in SGLTI activity, but not
protein, in response to enteric nematode infection was
dependent on IL-4/IL-13 mediated STAT6 activation of
alternatively activated M2 macrophages.

The long-term changes in glucose metabolism may also
be due to epigenetic changes in enterocytes. Hyperglycemia
reprogrammed the colonic epithelial transcriptome to alter
mucosal barrier function by a mechanism that involves
GLUT2,* which is expressed in the colon, albeit at low
levels. Epigenetic regulation of stem cells plays a role in
intestinal homeostasis and can be modulated by dietary
metabolites from gut microbiota.®' TL-25 simulates ILC2
release of IL-13 which in turn acts in a feed-forward fashion

on intestinal stem cells to regulate the self-renewal of Lgr5+
stem cells®® as well as to promote differentiation into tuft
and goblet cells.”® There is a constitutive expression of IL-
25 receptors on ILC2 in the small intestine suggesting an
important role for IL-25 in intestinal homeostasis. Previous
studies demonstrated that exogenous IL-25 can bypass the
need for tuft cells and remodel the intestinal stem cell niche
to enhance immune responses.*® Data from the present study
suggest that this niche remodeling may also contribute to the
persistence of beneficial effects of IL-25 on glucose meta-
bolism post-treatment.

Conclusion

The results presented here identify IL-25 as a potential target
for strategies designed to improve obesity-induced metabolic
syndrome and T2D. IL-25 plays a major role in the promo-
tion and initiation of type 2 immunity, downregulation of
Th1/Th17 pro-inflammatory cytokines, such as IL17A and

1921 that can

IL-12, and development of M2 macrophages
counteract the pro-inflammatory environment associated

with T2D (Supplemental Figure 6). This approach offers

distinct advantages over targeting individual pro-
inflammatory cytokines and IL-25 treatment was well toler-
ated over a three-week treatment period with no major
adverse events. IL-25 normalized glucose tolerance tests in
T2D induced by feeding a HFD or in genetically induced
obesity (ob/ob). The beneficial immunometabolic actions on
glucose metabolism post-IL-25 treatment in the present study
may be attributed to the ability of M2 macrophages to main-
tain insulin sensitivity. Importantly, effects of IL-25 are
maintained for a period-of-time post treatment, suggesting
that therapeutic dosing could be similar to that of other
biologics with only intermittent self-injections. Thus, the
IL-25 pathway is an attractive target for the development of
strategies to improve obesity-induced metabolic syndrome

and T2D that needs to be explored further.
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