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Abstract

Helminths induce type 2 immune responses and establish
an anti-inflammatory milieu in their hosts. This immuno-
modulation was previously shown to improve diet-induced
insulin resistance which is linked to chronic inflammation.
In the current study, we demonstrate that infection with the
filarial nematode Litomosoides sigmodontis increased the
eosinophil number and alternatively activated macrophage
abundance within epididymal adipose tissue (EAT) and im-
proved glucose tolerance in diet-induced obese mice in
an eosinophil-dependent manner. L. sigmodontis antigen

(LsAg) administration neither altered the body weight of
animals nor adipose tissue mass or adipocyte size, but it
triggered type 2 immune responses, eosinophils, alterna-
tively activated macrophages, and type 2 innate lymphoid
cells in EAT. Improvement in glucose tolerance by LsAg
treatment remained even in the absence of Foxp3+ regula-
tory T cells. Furthermore, PCR array results revealed that
LsAg treatment reduced inflammatory immune responses
and increased the expression of genes related to insulin sig-
naling (Glut4, Pde3b, Pik3r1, and Hk2) and fatty acid uptake
(Fabp4 and Lpl). Our investigation demonstrates that L. sig-
modontis infection and LsAg administration reduce diet-in-
duced EAT inflammation and improve glucose tolerance.
Helminth-derived products may, therefore, offer new op-
tions to improve insulin sensitivity, while loss of helminth
infections in developing and developed countries may con-
tribute to the recent increase in the prevalence of type 2
diabetes. ©2016 S. Karger AG, Basel

© 2016 S. Karger AG, Basel
1662-811X/16/0086-0601$39.50/0

KARGER

E-Mail karger@karger.com
www.karger.com/jin

Dr. Marc P. Hiibner

Institute for Medical Microbiology, Immunology and Parasitology
University Hospital of Bonn, Building 63

Sigmund-Freud-Strasse 25, DE-53105 Bonn (Germany)

E-Mail huebner @ uni-bonn.de


http://dx.doi.org/10.1159%2F000448401

Introduction

Diabetes imposes a tremendous burden on local health
care systems and has a substantial impact on the quality
of life of affected individuals. It is estimated that approx-
imately 387 million people currently suffer worldwide
from diabetes, and it is expected that the number of dia-
betic patients will increase up to almost 600 million by
2035 [1]. In most populations, 90% of all diabetes cases
are type 2 diabetes (T2D) [1]. Obesity is a major risk fac-
tor to develop T2D and is associated with low-grade
chronic inflammation. Excessive uptake of lipids in white
adipose tissue causes (low-grade) inflammation and infil-
tration of classically activated macrophages (CAM), and
changes in the cellular composition [2]. Those changes
include the loss of eosinophils, alternatively activated
macrophages (AAM), regulatory T cells, as well as innate
lymphoid cells (ILC) [2-4], and the accumulation of
CAM and B cells that further trigger the inflammatory
response which eventually results in insulin resistance
[5]. Several lines of evidence indicate that chronic activa-
tion of intracellular proinflammatory pathways within
insulin target cells can lead to obesity-related insulin re-
sistance. Proinflammatory cytokines such as IL-6, IL-1p,
and TNFa can be released by both adipocytes and macro-
phages [6], and elevated levels of TNFa and IL-6 have
been shown in individuals with insulin resistance and di-
abetes [7].

Accordingly, suppression of chronic inflammation in
diet-induced obesity (DIO) may improve insulin sensi-
tivity. In general, parasitic helminth infections induce a
suppressive, regulatory immune response in their hosts
including regulatory T cells, AAM, and anti-inflammato-
ry cytokines such as IL-10 and TGFp. In addition, hel-
minths drive type 2 immune responses that counterbal-
ance proinflammatory Th1 immune responses in the host
[8]. The immunomodulation by helminths enables not
only the long-term survival of the parasite within the
host, but also affects responses to bystander antigens [9].
Several studies have shown that helminth infections pre-
vent or ameliorate autoimmune diseases like type 1 dia-
betes (T1D), rheumatoid arthritis, chronic inflammatory
bowel disease, and multiple sclerosis [10, 11], and clinical
studies are currently testing the beneficial effect of Trich-
uris suis ova treatment on autoimmune diseases [12].
Moreover, in vivo infection studies with the rodent filar-
ial nematode Litomosoides sigmodontis (L.s.) prevented
the onset of T1D in nonobese diabetic mice [13]. This
protection was independent of a type 2 immune shift but
dependent on TGFp signaling [14]. Although a protective
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role of helminth infections is well accepted for autoim-
mune diseases like T1D, its impact on the development of
metabolic diseases like insulin-resistant T2D is less well
studied.

Recent cross-sectional studies in India, Indonesia, ru-
ral China, and in aborigines in Australia revealed that
the prevalence of helminth infections in T2D patients is
significantly lower than in nondiabetic controls, indepen-
dent of socioeconomic differences in income and nutri-
tion, suggesting that helminth infections may indeed
prevent or delay the onset of T2D [15-18]. Possible hel-
minth-mediated protective mechanisms include the
downregulation of proinflammatory immune responses
that are associated with T2D, the induction of type 2 im-
mune responses, the promotion of fatty acid uptake, or
a stronger expression of genes that are associated with
insulin sensitivity. This is supported by the finding that
administration of a recombinant receptor antagonist
(anakinra) to block the signaling of the proinflammatory
cytokine IL-1P ameliorated glycemia and insulin secre-
tion from P-islet cells of T2D patients [19]. Similarly,
anti-TNFa therapy improved glucose uptake in a murine
model of T2D [20]. The beneficial effect of improved fat-
ty acid uptake on the improvement in insulin sensitivity
was further shown in several studies [21, 22].

In this study, we investigated whether L.s. infection or
L.s. adult worm extract (LsAg) administration improves
glucose tolerance in DIO mice and analyzed possible pro-
tective mechanisms.

Materials and Methods

Ethics Statement

Animal housing conditions and the procedures used in this
work were performed according to the European Union animal
welfare guidelines. All protocols were approved by the Landesamt
fir Natur, Umwelt und Verbraucherschutz, Cologne, Germany
(87-51.04.2010.A355 and 84-02.04.2014.A131).

Animals and Animal Care

The experiments were performed using male wild-type (WT)
and AdbIGATA mice on a BALB/c background as well as C57BL/6]
WT and C57BL/6 DEREG mice. BALB/c and C57BL/6] mice were
purchased fromJanvier Labs (Le Genest-St.-Isle, France). AdbIGATA
mice were originally obtained from The Jackson Laboratory (Bar
Harbor, Maine, USA), and DEREG C57BL/6 mice were provided by
Prof. Dr. Tim Sparwasser and Dr. Katharina Lahl (the TWINCORE
Center for Experimental and Clinical Infection Research, Hannover,
Germany). Mice were bred and housed at the animal facilities of the
University Hospital of Bonn. Mice were maintained in individually
ventilated cages with a 12-hour day/night cycle and food and water
ad libitum. Starting at 6-8 weeks of age, subsets of mice were fed a

Berbudi et al.


http://dx.doi.org/10.1159%2F000448401

high-fat (HF) diet which provides 60% of calories from fat (Research
Diets, Inc., Brogaarden, Denmark).

L.s. Infection

L.s. infection was performed by natural infection as previously
described [23]. If not stated otherwise, susceptible BALB/c mice
were infected at 8-10 weeks of age, 1-2 weeks after the onset of HF
diet. For natural infection, infective L3 larvae were transmitted
with the blood meal of infected Ornithonyssus bacoti mites. The L3
larvae migrate to the thoracic cavity where they molt into adult
worms (~30 days after infection). At the time of necropsy, the in-
fection status of mice was confirmed by screening for adult worms
in the thoracic cavity.

LsAg Preparation and Administration

LsAg was prepared as described previously [24]. Briefly, L.s.
adult worms were harvested from the thoracic cavity of infected
cotton rats or gerbils and mechanically homogenized on ice in en-
dotoxin-free PBS (PAA, Pasching, Austria) using a sterile glass
potter. Following centrifugation at 3,200 g, the supernatant was
collected and the protein concentration measured by the Bradford
assay (Cytoskeleton, Denver, Colo., USA). Aliquots of LsAg were
stored for later usage at -80°C.

Daily intraperitoneal injections of 2 pug LsAg per mouse for
2 weeks were given to male C57BL/6] DIO mice during weeks 8-10
or 12-14 of HF diet. Controls received equal amounts of sterile
PBS (PAA). After the final LsAg injection, all groups of mice were
subjected to a glucose tolerance test (GTT), and immunological
studies were performed 1 week thereafter. In a further experiment
employing DEREG C57BL/6 (depletion in regulatory T cells) mice
[25, 26], groups of mice were placed on HF diet for a period of
14 weeks. Between weeks 8 and 10 and 12 and 14, groups received
either daily intraperitoneal injections of LsAg (2 pg/mouse) or
PBS. After the final LsAg administration, mice were monitored for
glucose tolerance.

GTT and Insulin Tolerance Test

After 6 h of fasting, mice were injected i.p. with 2 g glucose so-
lution per kilogram body weight. Blood glucose levels were mea-
sured from tail vein blood using a blood glucose meter (Accu-
Check Advantage; Roche Diagnostics GmbH, Mannheim, Germa-
ny) immediately before and 15, 30, 60, 90, and 120 min after
glucose injection. The area under the curve (AUC) was obtained
by calculating the area between the x-axis and a given curve using
GraphPad Prism software (version 5.03; GraphPad Software, San
Diego, Calif., USA). As mentioned above, in a separate experiment
using DEREG C57BL/6 mice, Foxp3+ T cells were depleted by two
consecutive intraperitoneal injections of 1 pg diphtheria toxin
(Merck KGaA, Darmstadt, Germany) 3 and 2 days before the GTT
(using 1.5 g glucose/kg body weight).

For the insulin tolerance test, food was removed immediately
before the injection of insulin. Insulin (1 U/kg body weight) was
administered intraperitoneally, and blood glucose levels were tak-
en immediately before and 15, 30, 60, 90, and 120 min after insulin
injection.

Isolation of the Adipose Tissue Stromal Vascular Fraction

Isolation of the stromal vascular fraction (SVF) from adipose
tissue was performed as previously described [3]. In brief, epididy-
mal fat pads from male mice fed a normal chow or HF diet were
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excised and minced in DMEM/low-glucose media containing 1 g/1
D-glucose, 4 mM L-glutamine (PAA), 25 mM HEPES (Gibco, Life
Technologies, Carlsbad, Calif., USA), 1% BSA (PAA), and 1% pen-
icillin-streptomycin (PAA). Minced tissue was subsequently treat-
ed with medium containing 1.5 mg/ml collagenase-P (Roche) for
20 min at 37°C. Following centrifugation, floating adipocytes were
discarded with the supernatant, and the SVF pellet was resuspend-
ed in 1x red blood cell lysis buffer (eBioscience, San Diego, Calif.,
USA). Following a washing step, cells were blocked for FACS anal-
ysis by incubation with anti-CD16/anti-CD32 (BD Biosciences,
Heidelberg, Germany) in 1x Ca?*- and Mg?**-free Dulbecco’s
phosphate-buffered saline including 2 mM EDTA and 1% FCS
(PAA) ata final concentration of 0.5-1 pg/10° cells for 1 h. The cell
suspension was filtered afterwards through a 100-um filter.

Flow Cytometry

Cell surface marker analysis was performed using flow cytom-
etry. Briefly, cell surface markers were stained for 30 min at 4°C
with rat anti-mouse F4/80 PerCP-Cy5.5, CD4 FITC, CD11c APC,
CD19 PE, CD23 FITC, CD5 PE-Cy-7, Gr1 PerCp-Cy5.5 (all eBio-
science), and Siglec-F PE (BD Bioscience). For intracellular stain-
ing, cells were fixed with fixation/permeabilization buffer (eBiosci-
ence) overnight, washed and blocked in PBS containing 1% BSA
(PAA) and rat immunoglobulin (1 pg/ml; Sigma, St. Louis, Mo.,
USA). For RELMa staining, fixed cells were incubated in perme-
abilization buffer (eBioscience) and stained with rabbit anti-mouse
RELMa (Peprotech, Rocky Hill, N.J., USA). After a washing step,
cells were subsequently stained with a secondary antibody (goat
anti-rabbit Alexa 488; Invitrogen, Carlsbad, Calif., USA). Regula-
tory T cells from non-DEREG mice were analyzed after overnight
fixation and permeabilization and staining with CD4 FITC and
Foxp3 PE (eBioscience). Foxp3+ T cells from DEREG mice were
identified through their expression levels of egfp which is within
the Foxp3 promoter [25].

To identify type 2 ILCs (ILC2s), isolated SVF cells were resus-
pended in FACS buffer, and Fc receptors were blocked using rat
IgG before staining with monoclonal antibodies. ILC2s were char-
acterized as Sca-1+KLRG-1+ and lineage negative. As lineage
markers, the following antibodies were used: PerCP-conjugated
CD4, CD8, CD5, and F4/80 (lineage 1) as well as APC-conjugated
CD11c, FceR1la, CD49b, Ly6C, and CD19 (lineage 2).

Online supplementary figures (for all online suppl. material,
see www.karger.com/doi/10.1159/000448401) show the gating
strategies used to identify AAM and CAM (online suppl. fig. 1),
eosinophils and CD4+ T cells (online suppl. fig. 2), B cell subpop-
ulations (online suppl. fig. 3), regulatory T cells (online suppl.
fig. 4), as well as ILC2s (online suppl. fig. 5). Data were acquired
using a BD FACS Canto and analyzed with BD FACS DIVA soft-
ware (BD Bioscience).

Antibody Measurements

IgG2a levels were measured by ELISA according to the manu-
facturer’s protocol. Wells (Nunc, Roskilde, Denmark) were coated
with 2 ug/ml IgG2a primary antibody (BD Pharmingen, San Di-
ego, USA) in coating buffer [0.1 M Na,HPO, (Merck) in distilled
water, pH 7.0] overnight at 4°C. For blocking, ELISA plates were
incubated with PBS/1% BSA for a minimum of 2 h at room tem-
perature and were subsequently washed with 1x PBS and 0.05%
Tween 20 (Sigma-Aldrich); 50 pl of serum diluted 1:2,000 were
added to the wells and incubated at 4°C overnight. After a washing
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step, the detection antibody was added for 2 h. Following another
washing step, horseradish peroxidase-streptavidin (R&D Systems)
was added for 30 min. After washing, TMB (tetramethylenebenzi-
dine) (Carl Roth GmbH, Karlsruhe, Germany) was added and in-
cubated for 20 min at room temperature. Subsequently, the color
reaction was stopped with 1 M H,SO, (Merck), optical density was
measured at 450 nm using the SpectraMAX 340 microplate reader,
and data were analyzed using the SoftMax Pro software (both Mo-
lecular Devices, Sunnyvale, Calif., USA).

Measurement of LsAg-specific antibodies was performed analo-
gous to the measurement of total IgG2a levels, except that the plates
were coated with 10 pg/ml LsAg overnight at 4°C, and secondary
antibodies against mouse IgG2a/b (1:100 serum dilution) as well as
IgG1 (1:10,000 serum dilution) (BD Biosciences) were used.

Adipose Tissue Histology Staining

Epididymal adipose tissue (EAT) was fixed in 4% paraformal-
dehyde (Otto Fischar GmbH, Saarbriicken, Germany) for at least
24 h. After fixation, tissue was dehydrated with ethanol and then
embedded in paraffin for cutting. Hematoxylin-eosin staining was
performed following standard procedures.

RNA Isolation and Quantitative Real-Time PCR

About 30 mg of epididymal fat were collected, snap frozen in
liquid nitrogen and stored at -80°C until RNA isolation. Frozen
adipose tissue was homogenized in innuSPEED Lysis Tubes W
(Analytik-Jena, Jena, Germany) including TRIzol (Invitrogen) us-
ing a Precellys homogenizer (BERTIN Corp., Rockville, Md., USA)
for 10 s (6,000 rpm). RNA was then extracted with the RNeasy mini
kit (Qiagen, Hilden, Germany). RNA concentration was quantified
by NanoVue (GE Healthcare Lifesciences, Chalfont St Giles, UK).
Total RNA was reverse transcribed with an Omniscript RT Kit (Qia-
gen) according to the manufacturer’s instructions with oligo-d(T)
primers (Roche). Quantitative real-time PCR was performed using
a Rotorgene cycler (Qiagen). For relative quantification of gene ex-
pression, the (AAC;) method was applied. The primer sequences
were as follows: arginase 1: forward - CCTATGTGTCATTTGGG-
TGGA, reverse - CAGGAGAAAGGACACAGGTTG; Foxp3: for-
ward - TCTTGCCAAGCTGGAAGACT, reverse - GGGGTTCA-
AGGAAGAAGAGG; IL-10: forward - GGTTGCCAAGCCTTAT-
CGGA, reverse - ACCTGCTCCACTGCCTTGCT; GATA3: for-
ward - GTCATCCCTGAGCCACATCT, reverse - AGGGCTCTG-
CCTCTCTAACGC, and B-actin: forward - AGAGGGAAATCGT-
GCGTGAC, reverse - CAATAGTGATGACCTGGCGGT.

PCR Array

RNA from EAT was digested with DNAse (Ambion, Carls-
bad, Calif., USA). RNA integrity and RNA quality were analyzed
using the Experion gel electrophoresis system and RNA StdSens
chips (Bio-Rad, Hercules, Calif., USA). cDNA synthesis was per-
formed with the RT?PreAMP cDNA Synthesis Kit (Qiagen). PCR
amplification was performed according to the SABioscience pro-
tocols in 100-well disk formats of the mouse insulin resistance
PCR array (PAMM-156Z) (Qiagen). Gene expression was nor-
malized to housekeeping genes (B2m and Gapdh), and PCR array
data were analyzed using the RT?Profiler PCR array data analysis
(version 3.5) from SABioscience. A complete list of the genes in-
cluded in the PCR array is provided in online supplementary ta-
ble 1.
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Statistics

Data were tested for statistical significance using GraphPad
Prism software (version 5.03; GraphPad Software, San Diego,
Calif., USA). The Mann-Whitney U test was applied to test differ-
ences between two unpaired groups with nonparametric distribu-
tion for statistical significance. Data that were normally distrib-
uted were tested for statistical significance using the unpaired t test
for comparisons of two groups or the ANOV A test followed by the
Newman-Keuls multiple-comparison test to compare more than
two groups. Values of p < 0.05 were considered statistically sig-
nificant. PCR array data analysis was performed using the online
software provided by SABioscience (Frederick, Md., USA). p val-
ues were calculated based on a Student’s t test of the replicate 2-24¢
values for each gene in the control group and the treatment group,
and values of p < 0.05 were considered significant.

Results

L.s. Infection Improves Glucose Tolerance in DIO Mice

To induce obesity and glucose intolerance, male
BALB/c mice were maintained on a HF diet for 10 weeks
starting 6 weeks from birth. This diet provided 60% of
calories from fat, and a subset of these animals were in-
fected with L.s. 2 weeks after HF diet initiation. As expect-
ed, both L.s.-infected and control mice developed body
weights exceeding 30 g after 10 weeks on HF diet. The de-
velopment of body weight did not differ between both
groups until 6 weeks after infection. At 7-8 weeks after
infection, a time point when microfilaremia starts, L.s.-
infected mice had a lower body weight than uninfected
mice. This difference in body weight was no longer ob-
served 9 weeks after infection (18 weeks of age) (fig. 1a)
and was not present in repeat experiments. The adipose
tissue weight between L.s.-infected and uninfected DIO
mice did not show any significant difference [EAT: unin-
fected: 1.17 g (range 0.38-1.85 g), L.s. infected: 1.33 g
(0.69-2.44 g), p = 0.866, and subcutaneous adipose tissue:
uninfected: 0.287 g (0.11-0.46 g) and L.s. infected: 0.290 g
(0.1-0.69 g), p = 0.771].

In L.s.-infected DIO mice, blood glucose levels re-
turned earlier to baseline levels during the GTT than in
uninfected DIO mice suggesting an improved glucose tol-
erance in L.s.-infected DIO mice (fig. 1b). Accordingly,
the AUC of the GTT, calculated as the area between the
x-axis and the respective glucose tolerance curves, was
significantly lower in L.s.-infected DIO mice than unin-
fected DIO mice (fig. 1c). Although L.s.-infected DIO
mice showed an improvement in glucose tolerance, insu-
lin tolerance was not improved by L.s. infection as the
drop in blood glucose levels following insulin injection
and AUC were similar in both groups (fig. 1d, e).
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Fig. 1. L.s. infection improves glucose tolerance in DIO mice.
a Body weight of L.s.-infected and control mice maintained on a
60% HF diet. b Blood glucose levels over time following intraperi-
toneal glucose challenge (GTT) in L.s.-infected BALB/c mice and
uninfected controls after a 10-week HF diet. ¢ AUC obtained from
the GTT. d Blood glucose levels over time following intraperi-

L.s. Infection Increases the Frequency of RELMa+

Macrophages and Eosinophils within EAT of DIO Mice

During obesity, proinflammatory CD11lc+ macro-
phages (CAM) and B cells infiltrate EAT [5, 27, 28], which
is accompanied by a loss of AAM and eosinophils [3, 5].
This leads to low chronic inflammation and eventually
results in a diabetic phenotype with insulin resistance.
We therefore investigated whether L.s. infection alters the
cellular composition of EAT of DIO mice. FACS analy-
sis of the SVF showed that L.s.-infected DIO mice
had significantly increased frequencies of eosinophils
(L.s.: 11.3%; control: 2.9%), RELMoa+ macrophages (L.s.:
24.8%; control: 10.6%), and CD4+ T cells (L.s.: 4.5%; con-
trol: 1.2%) compared to uninfected DIO controls, while
the frequency of macrophages (L.s.. 27.1%; control:
29.2%) and neutrophils (L.s.: 1.0%; control: 1.3%) did not
significantly differ (fig. 2a). Similarly, L.s.-infected DIO

Filarial Immunomodulation Improves
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toneal insulin challenge (insulin tolerance test) in L.s.-infected
BALB/c mice and uninfected controls that received a HF diet for
10 weeks. e AUC obtained from the insulin tolerance test. a—e n =
6 animals/group; representative experiment of 1 in 3 independent
infection studies. Means + SD. * p < 0.05, ** p < 0.01, *** p < 0.001
(unpaired t test).

mice had significantly increased numbers of eosinophils
(L.s.: 1.97 x 10% control: 5.82 x 10%), RELMa+ macro-
phages (L.s.: 6.31 x 10%; control: 1.53 x 10°), and CD4+ T
cells (L.s.: 2.67 x 10°; control: 2.77 x 10%), while no differ-
ences were observed in the number of macrophages (L.s.:
2.38 x 108 control: 1.37 x 10°) or neutrophils (L.s.: 6.94 x
10% control: 2.78 x 10%) (fig. 2b).

As B cells also promote insulin resistance in DIO mice
by producing pathogenic IgG2 antibodies [5], we further
analyzed B cell subsets in EAT of L.s.-infected DIO mice.
L.s.-infected DIO mice had significantly lower frequen-
cies (L.s.: 0.4%; control: 1.2%) and total numbers of
CD19+ B cells (L.s.: 436 cells; control: 1,160 cells) com-
pared to uninfected DIO controls (fig. 2a, b). However,
the frequency of B cells that represents the Bla cell subset
(CD19+CD5+CD23-) was higher in L.s.-infected DIO
mice than DIO controls (L.s.: 6.6%; control: 1.8%; fig. 2a),
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Fig. 2. Increased frequencies and total numbers of eosinophils,
AAMs, and CD4+ T cells and a reduction in B cells in EAT of L.s.-
infected DIO mice. a Frequencies of eosinophils, macrophages,
neutrophils, B cells, and CD4+ T cells within the SVF of EAT, Bla
cell frequencies of B cells, and RELMoa+ macrophages with the
macrophage population of L.s.-infected and uninfected mice that
received a HF diet for 10 weeks. b Absolute number (n) of total

whereas the absolute numbers of Bla cells were not sig-
nificantly different (L.s.: 27.3; control: 21.0; fig. 2b). Con-
sistent with the reduction in total B cells, the level of po-
tentially pathogenic total IgG2a antibodies was signifi-
cantly lower in EAT of L.s.-infected than uninfected DIO
controls (fig. 2¢). L.s.-specific antibodies were only in-
duced in L.s.-infected mice with significantly increased
IgG2a/b and especially IgG1 levels, indicating a type 2
antibody response in L.s.-infected DIO mice (online
suppl. fig. 6).
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cells, eosinophils, macrophages, RELMa+ macrophages, neutro-
phils, B cells, Bla cells, and CD4+ T cells within the SVF of EAT
of L.s.-infected and uninfected mice that received a HF diet for 10
weeks. ¢ Total IgG2a serum antibody levels. a-c Representative
data of 1 of 3 independent experiments with at least n = 5 animals/
group. Means + SD. * p < 0.05, ** p < 0.01 (Mann-Whitney U test).

These results suggest that L.s. infection maintains a
cellular composition within EAT that is characterized by
increased AAM and eosinophil numbers, while B cells are
restricted, which may reduce inflammation and improve
glucose tolerance.

Improvement in Glucose Tolerance by L.s. Infection Is

Dependent on Eosinophils

Previously, it has been suggested that eosinophils play
a major role in the improvement in insulin sensitivity in
DIO mice by inducing AAM in adipose tissue via IL-4 [3].

Berbudi et al.
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Fig. 3. L.s. infection does not improve glucose tolerance in eosin-
ophil-deficient AdbIGATA mice. Kinetics of blood glucose levels
after intraperitoneal glucose challenge (a) and AUC (b) from the
GTT in L.s.-infected and uninfected WT BALB/c as well as
AdbIGATA mice at 20 weeks of age and after 14 weeks of HF

Since we found an increased frequency and absolute
number of eosinophils in L.s.-infected DIO mice (fig. 2a,
b), we used eosinophil-deficient AdbIGATA mice to in-
vestigate whether the improvement in glucose tolerance
in L.s.-infected DIO mice was dependent on eosinophils.
Confirming previous findings that eosinophils are essen-
tial for insulin sensitivity in DIO mice [3], uninfected eo-
sinophil-deficient DIO mice maintained increased blood
glucose levels over an extended period of time following
glucose challenge and had an increased AUC of the GTT
compared to uninfected WT DIO controls (fig. 3a, b). As
expected, L.s. infection improved glucose tolerance in
WT BALB/c mice (fig. 3a). However, glucose tolerance
curves remained comparable between L.s.-infected and
uninfected AdbIGATA mice (fig. 3a). Furthermore, the
AUCGCs of both L.s.-infected (AUC mean = 23,003) and
uninfected AdbIGATA mice (AUC =23,288; fig. 3b) were
not different, suggesting that the improvement in glucose
tolerance by L.s. infection is dependent on eosinophils.

Daily LsAg Administration for 2 Weeks Improves

Glucose Tolerance in DIO Mice

In order to test whether filarial antigen treatment is
able to improve glucose tolerance in insulin-resistant
DIO mice, C57BL/6 mice received daily intraperitoneal
injections of LsAg during the last 2 weeks of a 14-week
HF diet. As expected, mice on HF diet had significantly
higher body weights than mice on normal chow diet (nor-
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diet. * p < 0.05, ¥ p < 0.05, between uninfected and L.s.-infected
dblGATA mice in comparison to uninfected WT controls, respec-
tively (ANOV A followed by Newman-Keuls multiple-comparison
test). Means + SD.

mal fat; NF) (fig. 4a). No differences in body weight were
observed between DIO mice that received PBS and LsAg
treatment after 14 weeks of HF diet (fig. 4a). A GTT was
performed 4 days after the last LsAg injection. Blood glu-
cose levels of L.s.-infected DIO mice were significantly
reduced compared to PBS-treated DIO controls starting
90 min after glucose injection (fig. 4b), resulting in a sig-
nificantly decreased AUC of the GTT (reduction by
10.6%; fig. 4c). A second experiment with 2 weeks of LsAg
administration also significantly improved glucose toler-
ance in LsAg-treated DIO mice compared to PBS-treated
DIO controls (online suppl. fig. 7A, B). Those results
demonstrate that glucose tolerance was improved by
LsAg treatment in DIO mice. However, fasting insulin
levels were not altered between LsAg-treated [mean: 2.87
ng/ml (range 0.09-4.37 ng/ml)] and PBS-treated mice
[mean: 3.22 ng/ml (range 0.78-13.6 ng/ml)], and there
was no improvement in the insulin tolerance test (online
suppl. fig. 7C, D). Body weights were also not altered in
DIO mice treated with LsAg in the second experiment
(online suppl. fig. 7E).

To investigate whether LsAg administration inhibits
adipogenesis in vivo, body weight and fat tissue composi-
tion were analyzed. As shown in figure 4, there were no
significant differences in body weight as well as epididy-
mal, subcutaneous, and brown adipose tissue weight be-
tween PBS- and LsAg-treated DIO groups (fig. 4a, d-f,
respectively). As adipose inflammation is correlated with
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Fig. 4. Two weeks of daily LsAg injections improve glucose toler-
ance but do not affect adipose tissue weight in DIO mice. a Com-
parison of body weight of LsAg-treated DIO mice and PBS-treated
DIO controls that received a HF diet for 14 weeks with PBS-treat-
ed mice given a standard chow diet (NF). b Blood glucose levels
over time during a GTT 14 weeks after HF diet initiation. ¢ AUC
obtained from the GTT. Comparison of adipose tissue composi-
tion in PBS- and LsAg-treated animals that received a HF diet and
PBS-treated controls on a chow diet: EAT weight (d), subcutane-

adipocyte hypertrophy, adipocyte size in EAT was ana-
lyzed in LsAg- and PBS-treated DIO mice as well as un-
infected controls on chow diet. Despite the improvement
in glucose tolerance by LsAg administration, epididymal
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ous adipose tissue weight (e), brown adipose tissue weight (f), as
well as epididymal adipocyte size (g). Representative pictures of
EAT of control mice on chow diet (h), PBS-treated DIO mice (i),
and LsAg-treated DIO mice (j). Bars = 200 um. b Mann-Whitney
U test. a-g Representative data of 1 of 2 independent experiments
with at least n = 5 animals/group. a, c-g ANOVA followed by the
Newman-Keuls multiple-comparison test. Means + SD. * p < 0.05,
*p <0.01, **p <0.001.

adipocytes did not differ in diameter size between DIO
mice treated with LsAg and PBS (fig. 4g-j), indicating
that 2 weeks of LsAg administration did not suppress ad-
ipogenesis and fatty-acid storage in adipocytes in vivo
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when administered after the development of glucose in-
tolerance.

Interestingly, although body weight (fig. 4a), EAT
mass (fig. 4d-f) as well as epididymal adipocyte size
(fig. 4g), and the total cell number within the SVF of EAT
(fig. 5a) did not differ between LsAg- and PBS-treated
DIO mice, the cellular composition of the SVF of EAT
was altered. Consistent with our findings in L.s.-infected
DIO mice, analysis of the cellular composition of EAT by
flow cytometry revealed a significantly higher number of
eosinophils, AAM, and CD4+ T cells. In line with previ-
ous studies that have used the combination of F4/80 and
CD11c to identify CAMs in adipose tissue [27, 28], we

Filarial Immunomodulation Improves
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expressing CD11c (CAM) or RELMa (AAM) within the SVF of
EAT. d Frequencies of T cells expressing Foxp3. e Frequency of
CD4+Foxp3+ T cells of total cells in EAT. a-e Representative data
of 1 of 2 independent experiments with at least n = 5 animals/
group (single experiment for ILC2s). Means + SD. * p < 0.05,
** p < 0.01; *** p < 0.001, between the HF diet groups (Mann-
Whitney U test).

analyzed the frequency of these cells in our treated groups
and detected a lower number of CD11c+ CAM in LsAg-
treated DIO mice compared to PBS-treated DIO controls
(fig. 5a). Similarly, flow-cytometric analysis of the cellular
composition of EAT showed significantly higher fre-
quencies of eosinophils, AAM (p > 0.05), and CD4+ T
cells, as well as significantly lower frequencies of CAM in
LsAg-treated DIO mice compared to PBS-treated DIO
controls (fig. 5b, ). Frequencies of macrophages in EAT
of DIO mice were significantly increased compared to
mice on normal chow diet (fig. 5b). Those results suggest
that LsAg administration improves glucose tolerance by
increasing eosinophil and AAM numbers in adipose tis-
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sue. Unexpectedly, frequencies of CD4+ T cells express-
ing Foxp3+ were significantly higher in PBS-treated DIO
controls when compared to LsAg-treated mice (LsAg:
11.9%; PBS: 20.1%; fig. 5d). However, frequencies of
CD4+Foxp3+ regulatory T cells within LsAg DIO mouse
EAT were comparable to those of the PBS-treated chow
diet group and were significantly higher than in the PBS-
treated DIO group (fig. 5e).

Finally, ILC2 cells were analyzed within LsAg- and
PBS-treated DIO EAT, demonstrating that LsAg injection
in DIO mice significantly increased ILC2 frequencies and
total cells in EAT compared to DIO controls (fig. 5a, b).

LsAg Administration Reduces Inflammatory Immune

Responses and Promotes Insulin Signaling

In order to identify the impact of LsAg administration
on mRNA levels of genes related to insulin resistance in
EAT, the expression of 84 genes was analyzed using PCR
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arrays (SABioscience) of individual EAT samples from
LsAg-treated mice (n = 10) and PBS-treated controls
(n = 8) on a HF diet. Genes that had a fold change >1.3
are presented in figure 6, and the complete list of genes
including p values and fold changes are given in online
supplementary table 1.

DIO mice treated with LsAg injections had a signifi-
cantly higher expression of genes related to insulin signal-
ing, such as Slc2a4 (Glut4), Pde3b, Pik3r1, and Hk2, than
DIO controls that received PBS (p < 0.05). Moreover,
there were tendencies to higher expression of Irs1 (p =
0.11) and Irs2 (p = 0.14), indicating that LsAg administra-
tion may improve insulin sensitivity in EAT of DIO mice.
Subsequently, a tendency to upregulate expression of
adipoq (p = 0.18), an adiponectin-coding gene, and in-
creased expression of its receptor (adipor2; p < 0.05) also
supportan improvement in insulin signaling in DIO mice
treated with LsAg. Upregulation of SrebfI (p < 0.01), Fasn
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(p < 0.05), Acaca (p < 0.05), and Pparg (p < 0.05) further
indicates that the lipogenesis in adipocytes of LsAg-treat-
ed DIO mice may be increased. In parallel, PCR analysis
revealed that expression of genes related to fatty acid up-
take, including Fabp4 and Lpl (p < 0.05), as well as Vidr
(p=0.06), were increased in DIO mice that received LsAg
treatment. Upregulation of Gysl expression in LsAg-
treated DIO mice (p < 0.05) may further indicate that the
storage of excessive energy is not only generated as lipid
formation but also as glycogen.

In addition to the increased expression of genes re-
lated to insulin signaling and fatty acid uptake, a down-
regulation of genes that are linked to inflammatory im-
mune responses was observed in LsAg-treated mice.
LsAg administration downregulated the expression of
the macrophage marker Emr1 (F4/80) (p = 0.056), indi-
cating a reduced macrophage infiltration in EAT of
LsAg-treated mice. Similarly, genes related to proin-
flammatory immune responses such as Tnfrsf1b tended
to be suppressed in LsAg-treated DIO mice (p = 0.17).
Moreover, LsAg administration may suppress inflam-
masome activation, as indicated by the downregulation
of Nirp3 (p = 0.17), Pycard (p = 0.09), and Caspl (p =
0.11). On the other hand, infiltration of CD4+ T cells
was increased in LsAg-treated mice, as was shown by a
stronger expression of Cd3e (p < 0.05), and confirmed
our previous results on CD4+ T cells by flow cytometry.
Furthermore, the trend towards a higher expression of
Ccr4 (p=0.10) in EAT of LsAg-treated DIO may suggest
an increased Th2 polarization in EAT. Interestingly,
LsAg administration in DIO mice downregulated the
expression of Serpinel (p = 0.06), which is related to ath-
erothrombotic lesion formation [29], suggesting that
LsAg administration may modulate cardiovascular dis-
eases. Whereas several genes that are related to inflam-
matory immune responses were downregulated by LsAg
administration, Ifng expression was increased in DIO
mice that received LsAg (p < 0.05). In addition, array
analysis also showed upregulation of Pdk2, which was
previously associated with T2D [30]. Nevertheless, the
results of the array analysis indicate that LsAg adminis-
tration may suppress apoptosis-induced inflammasome
activation and promote insulin signaling in EAT, thus
boosting glucose as well as fatty acid uptake into white
adipocytes. Additional gene expression analyses of EAT
were performed to investigate protective mechanisms
by which LsAg administration may improve glucose
tolerance. According to the increased frequencies of
F4/80+RELMa+ AAM shown by flow cytometry, LsAg
administration also increased the expression of argi-

Filarial Immunomodulation Improves
Glucose Tolerance

Argl Foxp3
40 54 *
%k
1
4
30 4
[ (]
2 o 5
© @
5 20- 5
e
S S 27
[T o
10 1]
0- 0 T
a HF PBS HF LsAg b HF PBS HF LsAg
110 Gata3
p = 0.2301 * %
39 — 4 1 | ——
3 -
& 21 3
C e
© ©
5 S 2-
he] o
£ 14 £ T
l -
0 T 0 T
c HFPBS  HF LsAg d HFPBS  HF LsAg
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Gata3 (d) given as fold changes after normalization to f-actin
(n = 6/group). Means + SD. ** p < 0.01 (Mann-Whitney U test).

nase-1 (p < 0.01) (fig. 7a), a gene expressed in AAM.
Since our FACS analyses indicated an increase in regula-
tory CD4+ T cells, but Foxp3 as well as Gata3 were not
included in the PCR array, Foxp3 and Gata3 gene ex-
pression analysis was also performed. As expected,
Foxp3 gene expression was increased in EAT of LsAg-
treated DIO mice when compared to PBS-treated DIO
controls (p < 0.01; fig. 7b), suggesting that increased to-
tal numbers of regulatory T cells may contribute to the
protective effect of LsAg treatment. However, LsAg ad-
ministration did not significantly increase the expres-
sion of I110 (p = 0.23; fig. 7¢). In a further comparison
and in line with the increased Ccr4 expression in the
PCR array (fig. 6), the Th2 transcription factor Gata3,
which is also important for regulatory T cells, was sig-
nificantly upregulated by LsAg administration in DIO
mice (p < 0.01; fig. 7d).
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Fig. 8. LsAg-mediated glucose tolerance is independent of Foxp3+
T cells. Groups of C57BL/6 DEREG mice were placed on a HF diet
for 14 weeks. During weeks 8 and 10 and 12 and 14, groups of mice
were given LsAg injections (2 pg/day) or PBS. Three days before
the GTT, one group of LsAg-treated DEREG mice on a HF diet
was depleted of Foxp3+ T cells through diphtheria toxin injection.
a Blood glucose levels were measured over time during a GTT.

Collectively, these gene expression analyses suggest
that LsAg administration induced type 2 immune re-
sponses, increased AAM as well as regulatory T cells,
and promoted insulin signaling in EAT, thus increasing
glucose and free fatty acid uptake into white adipocytes.

LsAg-Mediated Glucose Tolerance Is Independent of

Foxp3+ T Cells

Since LsAg administration increased regulatory T
cells within EAT and gene expression analysis revealed
an increased Foxp3 expression in adipose tissue, we in-
vestigated whether LsAg-mediated improvement in glu-
cose intolerance was dependent on regulatory T cells.
Therefore, groups of DEREG C57BL/6 mice were placed
on a HF diet for 14 weeks. LsAg was then administered
between weeks 8 and 10 and 12 and 14 with a 2-week
washout period. Three and 2 days before the GTT,
Foxp3+ T cells were depleted in one group of mice, and
then all groups were subjected to a GTT. Interestingly,
despite the previous elevations in regulatory T cells in
EAT, the depletion of Foxp3+ T cells did not abolish
LsAg-mediated improvement in glucose tolerance in
DEREG DIO mice. Figure 8a shows that both the ‘HF
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Means * SD in each group: NF PBS n = 4; HF PBS n = 8; HF LsAg
Tyeq depleted n = 9 and HF LsAg n = 6. ** Statistically significant
differences between LsAg-treated WT and DEREG DIO mice
in comparison to PBS WT DIO controls, respectively. * p < 0.05,
**p <0.01 (ANOVA). b AUC obtained from the GTT. Means +
SD. ANOVA followed by Newman-Keuls multiple-comparison
test. * p < 0.05, ** p < 0.01, *** p < 0.001.

LsAg’ and ‘HF LsAg T,.-depleted’ groups had signifi-
cantly lower blood glucose levels than the ‘HF PBS’ group
(fig. 8a). This was confirmed after calculating the AUC
of the GTT (fig. 8b).

Discussion

The objective of this study was to investigate whether
L.s. infection and filarial antigen administration improve
insulin sensitivity in DIO mice and to elucidate the un-
derlying mechanisms. For this purpose, male BALB/c
mice were used to study the impact of L.s. infection, as
this mouse strain is susceptible to L.s. infection and de-
velops chronic infections. On the other hand, C57BL/6
mice are semisusceptible to L.s. infection [31] but develop
increased body weights on HF diet with aggravated insu-
lin resistance compared to BALB/c mice, and therefore
they were used to test the protective effects of LsAg. Such
differences in body weight and grade of insulin resistance
of both mouse strains explain the observed variations in
the GTTs in our study. Several studies previously report-
ed that chronic inflammation in obesity-induced insulin
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resistance is associated with increased numbers of CAM
and a reduction in AAM in visceral adipose tissue [6, 32].
Since the presence of AAM in adipose tissue correlates
with improved insulin sensitivity, numerous investiga-
tions were conducted to maintain AAM in adipose tissue
to counter the obesity-induced chronic inflammation
[33-35]. Locksley’s group demonstrated that the pres-
ence of AAM in visceral adipose tissue of DIO mice is
maintained by eosinophils which are the major source of
IL-4 in adipose tissue, indicating that eosinophils play a
key role to maintain insulin sensitivity in DIO [3]. Ac-
cordingly, Ricardo-Gonzalez et al. [36] demonstrated
that IL-4 signaling via STAT6 reduces adipose tissue in-
flammation thus ameliorating insulin sensitivity by regu-
lating nutrient metabolism.

In addition to the well-known function of filariae to
induce systemic type 2 immune responses, findings from
our study demonstrate that EAT in L.s.-infected DIO
mice contained increased numbers of eosinophils and
AAM and improved glucose tolerance. These findings are
therefore in accordance with the results of Wu et al. [3]
who showed an improvement in glucose tolerance in Nip-
postrongylus brasiliensis-infected mice that was accompa-
nied by increased numbers of eosinophils and AAM in
perigonadal adipose tissue and suggested that tissue-
dwelling filariae as well as intestinal nematodes affect im-
mune responses of the adipose tissue. Consistent with the
findings of Wu et al. [3], our study demonstrates that lack
of eosinophils worsens glucose tolerance in DIO mice.
Furthermore, absence of eosinophils in L.s.-infected
AdbIGATA mice prevented the improvement in glucose
tolerance, suggesting that eosinophils are required for
helminth-mediated improvement in glucose tolerance
and no redundant eosinophil-independent mechanisms
are in place. In line with this, 2 weeks of daily LsAg ad-
ministration increased eosinophil and AAM numbers in
EAT and led to improved glucose tolerance in DIO mice.
Collectively, these findings suggest that both L.s. infec-
tion and LsAg administration protect against diet-in-
duced glucose intolerance by increasing eosinophil and
AAM frequencies in EAT.

The improvement in glucose tolerance in our experi-
ments was further accompanied by lower numbers of B
cells in EAT of L.s.-infected DIO mice. Winer et al. [5]
reported that the presence of B cells in visceral adipose
tissue is associated with increased levels of proinflamma-
tory IgG2c serum levels, thus promoting insulin resis-
tance in DIO mice. The observed restrictions of B cells in
EAT and lower levels of total IgG2a (which corresponds
to IgG2c in C57BL/6 mice) of L.s.-infected DIO BALB/c
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mice may therefore help to limit HF diet-induced activa-
tion of proinflammatory macrophages and T cells, there-
fore reducing adipose tissue inflammation. Interestingly,
despite the reduced B cell population in L.s.-infected DIO
mice, the percentage of Bl cells was significantly higher
in L.s.-infected than uninfected DIO control mice. Ex-
pansion of the B1 cell subset may contribute to a reduced
adipose tissue inflammation, as B1 cells have been identi-
fied as a source of IL-10 [37].

Despite the increased numbers of potentially IL-10-
producing cell types like B1 cells, regulatory T cells and
AAM, our gene expression data showed no significant
differences for I110 expression after both L.s. infection
and LsAg administration, suggesting that IL-10 may not
essentially be involved in the improvement in glucose tol-
erance in this context. According to the increased fre-
quencies of AAM and eosinophilsin EAT of LsAg-treated
mice, the classical marker for type 2 immune responses
Gata3 was significantly upregulated and Ccr4, which is
expressed on Th2 cells, tended to be increased after 2
weeks of LsAg administration. LsAg-induced type 2 im-
mune responses may improve glucose tolerance in DIO
mice, as IL-5 has a key role in maintaining eosinophils,
and IL-4 promotes AAM activation in visceral adipose
tissue [3]. Interestingly, Th2-associated cytokines are also
produced by ILC2s, which also express Gata3 [38]. ILC2
cells were increased in EAT of LsAg-treated DIO mice,
and it was previously shown that ILC2s improve glucose
homeostasis in adipose tissue by maintaining eosinophils
and AAM in EAT [4]. Moreover, the increased frequency
of ILC2s may drive browning of adipose tissue, as a recent
study showed that IL-33 activated ILC2s promote brown-
ing of adipose tissue and restrict obesity [39, 40]. How-
ever, whether L.s. infection and LsAg administration im-
prove glucose tolerance via browning of adipose tissue
needs further investigation.

Increased expression of Gata3, as was observed in
LsAg-treated DIO mice, is also linked to regulatory T
cell stability [41-43]. Accordingly, flow-cytometric and
quantitativeRT-PCRanalysisindicated that CD4+Foxp3+
regulatory T cells were more abundant in EAT of LsAg-
treated DIO mice compared to DIO controls. In order to
investigate whether regulatory T cells are implemented in
the LsAg-mediated improvement in glucose tolerance in
DIO mice, experiments using regulatory T cell-deplet-
ed DEREG mice were conducted. However, depletion of
regulatory T cells following LsAg therapy did not impair
the beneficial impact on glucose tolerance, suggesting
that LsAg treatment improves glucose tolerance indepen-
dent of regulatory T cells.
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Although insulin tolerance tests did not show an im-
proved insulin sensitivity in LsAg treated mice, PCR array
analyses of EAT indicated that LsAg treatment alters the
expression of genes that are linked to insulin sensitivity
in DIO mice. Accordingly, significantly higher expres-
sion of Pik3rl, Pde3b, and Slac2a4 (Glut4) was observed.
Pik3r1 encodes the p50a, p55a, and p85a regulatory sub-
units of class IA phosphatidylinositol 3 kinases and has a
key role in insulin signaling by activating AKT [44]. Ac-
tivated AKT in turn phosphorylates PDE3B, an enzyme
that promotes GLUT-4 translocation, thereby enhancing
the expression of Glut4, which increases glucose uptake
into the cells [45]. In addition, the adiponectin receptor
coding gene (Adipor2) tended to be increased in EAT of
LsAg-treated DIO mice, which may further support insu-
lin signaling.

Under normal conditions, insulin induces an anabol-
ic metabolism which stores excessive energy in the form
of glycogen and lipids. In contrast, insulin resistance
leads to a catabolism which results in increased blood
glucose and fatty acid levels [46]. Genes that are associ-
ated with lipogenesis and glycogenesis were stronger ex-
pressed in LsAg- than PBS-treated DIO mice, as was
shown for Srebf1, Fasn, and Acaca, which may contrib-
ute to fatty acid synthesis, as well as GysI, which is in-
volved in glycogenesis. In addition to the possibility of
an enhanced glucose uptake, gene expression data may
further indicate an increased cellular uptake of fatty ac-
ids, as Fabp4, Lpl, as well as VIdlr expression was in-
creased by LsAg treatment. This may indicate that LsAg
treatment does not suppress lipogenesis and explain the
lack of differences in body weight and adipocyte size of
LsAg-treated DIO mice compared to PBS-treated DIO
controls. The lack of changes in body weight and adi-
pose tissue mass in L.s.-infected and LsAg-treated DIO
mice in comparison to previous studies using N. brasi-
liensis [3] and Schistosoma mansoni [47] may also be
linked to differences in parasite locations in the host and
the compositions of antigens that were used. Adult L.s.
worms live in the thoracic cavity, whereas N. brasiliensis
is a gastrointestinal parasite which may affect absorp-
tion in the intestine. S. mansoni worms on the other
hand reside in the portal vein and cause liver pathology,
which could modulate glucose metabolism and food in-
take. Furthermore, we used a crude adult worm extract
which may also include proinflammatory components.
L. sigmodontis worms contain endosymbiotic Wolbach-
ia bacteria that are known to trigger TLR responses [48].
Accordingly, our PCR array results indicated for exam-
ple the induction of IFNy with LsAg treatment. Thus,
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identification of an active component within LsAg may
further improve the protective effect on diet-induced
glucose intolerance which may resemble the protective
effect observed with S. mansoni soluble egg antigens
[47], which is known to be a strong inducer of type 2 im-
mune responses.

Increased Pparg expression in EAT of LsAg-treated
animals may also contribute to an improved glucose tol-
erance without inhibiting adipogenesis. Such a paradoxi-
cal effect of Pparg by promoting adipogenesis and im-
proving insulin sensitivity was previously reported [49].
Mice with increased Pparg activity are protected from
obesity-associated insulin resistance [50], whereas mice
lacking Pparg expression in fat, muscle, or liver are pre-
disposed to develop insulin resistance [49]. Accordingly,
thiazolidinedione is a high-affinity agonist for Pparg and
effectively reduces systemic insulin resistance in periph-
eral tissues which can be used to treat T2D in humans
[51]. In addition, Pparg possesses anti-inflammatory ef-
fects by inhibition of NFkB and IFNy [52]. Furthermore,
Pparg has also been identified as a critical orchestrator of
the regulatory T cell phenotype, function, and accumula-
tion in EAT of mice which was associated with an im-
provement in insulin sensitivity [53]. Taken together,
although Pparg promotes adipocyte differentiation and
adipogenesis, Pparg enhances insulin sensitivity and sup-
presses inflammation, thereby improving glucose toler-
ance in DIO mice. Thus, upregulation of Pparg in LsAg-
treated DIO mice may contribute to the improved glu-
cose tolerance.

Free fatty acid-induced lipotoxicity may activate the
inflammasome, thus resulting in adipocyte apoptosis and
enhanced inflammatory responses [54]. Several genes
that are associated with inflammasome activation (Nirp3,
Pycard, and Caspl) were downregulated by LsAg admin-
istration, which may indicate an increased uptake of free
fatty acids by adipocytes upon LsAg administration and
a restricted inflammasome activation. In this context, re-
duced numbers of CAM and a reduced expression of
Tnfrsflb as well as Emrl (F4/80) were also observed in
LsAg-treated DIO mice, suggesting that filarial antigen
treatment reduced adipose tissue inflammation. Howev-
er, Ifng expression was significantly increased in adipose
tissue of LsAg-treated mice. This increased Ifng expres-
sion could be due to endosymbiotic Wolbachia bacteria
that are found in most human pathogenic filariae as well
as L.s. [55].

Epidemiological studies suggest that beneficial effects
of helminth infections on T2D are also present in hu-
mans. People in a rural area in China who have a history
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of Schistosoma infections compared to endemic controls
who never suffered from schistosomiasis had a lower
body mass index and fasting blood glucose levels, and re-
duced prevalence of T2D and metabolic syndrome [16].
Accordingly, prevalence of lymphatic filariasis was sig-
nificantly lower in diabetic subjects than nondiabetic
subjects in Chennai, India [15]. Moreover, a recent study
in Flores Island, Indonesia, revealed that people with soil-
transmitted helminth infections have an improved insu-
lin sensitivity compared to uninfected individuals [17]. A
cross-sectional study in Australian aborigines further
suggested that a history of Strongyloides stercoralis infec-
tion reduces the risk to develop T2D [18]. These findings
should be confirmed by additional human epidemiologi-
cal follow-up studies investigating helminth infections
and their impact on the metabolic syndrome and should
include further analysis about the underlying protective
mechanism.

In conclusion, our study demonstrates that both L.s.
infection and LsAg treatment of DIO mice improve glu-
cose tolerance. This improvement is associated with type
2 immune responses and increased numbers of eosino-
phils, AAM, and regulatory T cells. Eosinophils were re-
quired to mediate the protective effect in L.s.-infected
DIO mice, while regulatory T cells were dispensable to
improve glucose tolerance by LsAg administration. LsAg
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administration further increased expression of genes that
are linked to an increasing fatty acid uptake and restricted
inflammasome activation, which may improve insulin
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