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CHAPTER 5

ABSTRACT

Chronic low-grade inflammation associated with obesity contributes to insulin resistance
and type 2 diabetes. Helminth parasites are the strongest natural inducers of type 2 immune
responses, and short-lived infection with rodent nematodes was reported to improve glucose
tolerance in obese mice. Here, we investigated the effects of chronic infection (12 weeks)
with Schistosoma mansoni, a helminth that infects millions of humans worldwide, on whole-
body metabolic homeostasis and white adipose tissue (WAT) immune cell composition in
high-fat diet-induced obese C57BL/6 male mice. Our data indicate that chronic helminth
infection reduced body weight gain (-62%), fat mass gain (-89%) and adipocyte size; lowered
whole-body insulin resistance (-23%) and glucose intolerance (-16%); and improved peripheral
glucose uptake (+25%) and WAT insulin sensitivity. Analysis of immune cell composition by
flow cytometry and quantitative PCR revealed that S. mansoni promoted strong increases
in WAT eosinophils and alternatively activated M2 macrophages. Importantly, injections
with S. mansoni soluble egg antigens recapitulated the beneficial effect of parasite infection
on whole-body metabolic homeostasis and induced type 2 immune responses in WAT and
liver. Taken together, we provide novel data suggesting that chronic helminth infection and
helminth-derived molecules protect against metabolic disorders by promoting a T helper 2
response, eosinophilia and WAT M2 polarization.
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INTRODUCTION

The obesity epidemic represents a growing threat to public health, not only in industrialized
countries but also in urban centers of developing countries. Obesity significantly increases
the risk for the development of type 2 diabetes, cardiovascular diseases, and eventually
cancer (1;2) and is often associated with a state of chronic, low-grade inflammation, which
contributes to tissue-specific insulin resistance and whole-body metabolic dysfunction (3).
Among the underlying molecular mechanisms, classically activated (M1) macrophages were
shown to accumulate in white adipose tissue (WAT) from obese mice, where they secrete
pro-inflammatory cytokines such as interleukin (IL)-18 and tumor necrosis factor-a (TNF-a)
(4-6). These cytokines interfere with insulin signaling (7;8) and induce lipolysis (9;10), thereby
increasing circulating free fatty acids which promote peripheral insulin resistance (11). Other
immune cell types, including neutrophils (12), mast cells (13), B cells (14;15) and CD8*T cells
(16), have also been shown to mediate insulin resistance.

By contrast, alternatively activated (M2) macrophages prevail in lean WAT and are involved
in the maintenance of adipose tissue insulin sensitivity, partly through secretion of the anti-
inflammatory cytokine IL-10 (6;17). The M2 phenotype is promoted by T helper 2 (Th2)-type
cytokines like IL-4, secreted by WAT eosinophils (18), and IL-5 and IL-13, released from WAT
innate lymphoid type 2 cells (ILC2s) (19). In addition, Th2 and regulatory T cell responses, as
well as administration of IL-4, have been associated with protection against insulin resistance
(20-22). Together, these studies illustrate that type 2 and anti-inflammatory responses are
beneficial for the expanding adipose tissue environment and the maintenance of tissue-
specific insulin sensitivity and whole-body glucose homeostasis.

Helminth parasites are the strongest natural inducers of type 2 inflammatory responses,
and epidemiological studies in India and rural China revealed that helminth infections inversely
correlate with metabolic syndrome (23-25). In addition, seminal papers recently reported that
the rodent nematode Nippostrongylus brasiliensis, which is spontaneously cleared within two
weeks of infection, improves glucose tolerance in diet-induced obese mice (18;26), associated
with WAT eosinophilia (18) or increased M2 gene expression (26). Furthermore, Schistosoma
mansoni soluble egg antigens could protect against atherosclerosis in hyperlipidemic LDLR
knockout mice (27). These studies suggest that manipulation of the immune system by
helminths or their molecules might be beneficial for metabolic homeostasis. However, it
remains unclear which aspects of whole-body energy metabolism are affected by the worms,
and the immunological changes that take place in WAT have not yet been characterized at
the cellular level.

Furthermore, as most helminth infections in humans are chronic in nature, it would be
important to test whether the beneficial effect on metabolic homeostasis also occurs in a
model of chronic infection. Of the various helminth species, schistosomes are among the
most prevalent and chronically infect millions of people worldwide (28). While infection with
N. brasiliensis induces a strong Th2 response that mediates parasite rejection within two weeks
after infection, the Th2 response in schistosomiasis emerges after 5-6 weeks of infection,

89



90

CHAPTER 5

with the onset of egg production that also triggers the development of M2 macrophages
(29). In most individuals, infection often reaches a chronic stage, characterized by a decline
in Th2 inflammation and the presence of regulatory B and T cells (30;31). In the present study,
we therefore investigated the impact of S. mansoni infection for 12 weeks on whole-body
metabolic homeostasis, WAT insulin sensitivity, and WAT immune cell composition in mice fed
either low- or high-fat diet (HFD). Next, to study the impact of helminth-derived molecules
on metabolic disorders in a pathogen-free setting, we treated HFD-fed mice with S. mansoni
soluble egg antigens (SEA) for 4 weeks and assessed whole-body glucose tolerance and insulin
sensitivity, and the immune cell composition of WAT and liver.

MATERIALS AND METHODS

Animals, diet and S. mansoni infection

All mouse experiments were performed in accordance with the Guide for the Care and Use
of Laboratory Animals of the Institute for Laboratory Animal Research and have received
approval from the university Ethical Review Boards (Leiden University Medical Center, Leiden,
The Netherlands; DEC2189). Male C57BL/6J mice (8-10 weeks old; Charles River, L'Arbresle
Cedex, France) were housed in a temperature-controlled room with a 12-hour light-dark cycle.
Throughout the experiment, food and tap water were available ad libitum. Mice were fed a
high-fat diet (45% energy derived from fat, D12451, Research Diets, Wijk bij Duurstede, The
Netherlands) or a low-fat diet (10% energy derived from fat, D12450B, Research Diets), which
were similar in composition in all respects apart from the total fat content. After 6 weeks, mice
were randomized according to body weight and fasting plasma glucose and insulin levels
and percutaneously infected with 36 S. mansoni cercariae, as previously described (32). Mice
were monitored for 12 additional weeks. The effects of chronic infection were assessed in 2
independent experiments. Before SEA injections, mice were fed a LFD or HFD for 12 weeks
after which they were randomized according to body weight, fasting plasma glucose and
insulin levels, and fat mass. SEA (50 pg) was injected intraperitoneally once every 3 days for a
period of 4 weeks. The effects of SEA treatment were assessed in 2 independent experiments.

Plasma analysis

Blood samples were collected from the tail tip of 4-hour-fased mice (food removed at 9 am) by
use of chilled capillaries. Blood glucose level was determined by use of a glucometer (Accu-
Check, Roche Diagnostics Almere, The Netherlands) and plasma insulin level was measured
by use of a commercial kit according to the instructions of the manufacturer (Millipore, The
Netherlands).

Glucose and insulin tolerance tests

The effect of chronic S. mansoni infection on glucose tolerance was assessed by intravenous
glucose tolerance test (ivGTT) at week 5 and 11 postinfection. Mice were fasted for 6 hours,
and the tests were carried out at 2 pm. After an initial blood collection (t=0), a glucose
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load (2g D-Glucose/kg total body weight of which 50% of the glucose was [6,6-°H_Iglucose
(Sigma-Aldrich, Zwijndrecht, The Netherlands) was administered in conscious mice via
injection in the tail vein. Blood sampling was performed by tail bleeding at 2.5, 15, 30, 60,
90 and 120 minutes: 5-10 uL whole blood was spotted on sample carrier paper (Sartorius
Stedim, Goettingen, Germany) and an additional drop was used to measure glucose using a
glucometer (Accu-Check, Roche Diagnostics). To analyze peripheral glucose uptake, blood
spot glucose enrichment was measured by extracting glucose from the filter paper with 75 pl
water (B. Braun, Oss, Netherlands) and 1 mL methanol. The extracted glucose was derivatized to
aldonitrile penta-acetate and reconstituted in 100 pL ethyl acetate, of which 1 uL was injected
for gas chromatography (HP6890Il) mass spectrometry (HP5973, Hewlett-Packard Co., Palo
Alto, CA, USA), as described previously (33). Mass-over-charge ratios of 187, 188 and 189 were
monitored in selective ion monitoring mode, from which the percentage of unlabeled and
labeled glucose was calculated based on theoretical isotopic distribution. Concentrations of
labeled glucose were calculated based on the plasma glucose levels, and values were natural
log-transformed after which a decay curve was fitted. Individual decay curves were calculated,
of which the slope represents the peripheral glucose uptake. The effect of SEA treatment on
glucose tolerance was assessed by an i.p. glucose tolerance test (2 g D-Glucose/kg total body
weight) in 6-hour fasted mice at week 3 postinjections.

Whole-body insulin sensitivity was determined by an intraperitoneal insulin tolerance
test (ITT) at 5 and 11 weeks postinfection or at week 3 post-SEA treatment. Mice were fasted
for 4 hours, and the tests were carried out at 1 pm. After an initial blood collection (t=0), an
intraperitoneal bolus of insulin (1 U/kg lean body mass; NOVORAPID, Novo Nordisk, Alphen
aan den Rijn, Netherlands) was administered to the mice. Blood glucose was measured by tail
bleeding at 15, 30, 60, and 120 minutes after insulin administration by use of a glucometer.

Body composition and indirect calorimetry

Body composition was measured by MRI using an EchoMRI (Echo Medical Systems, Houston,
TX, USA). Groups of 8 mice with free access to food and water were subjected to individual
indirect calorimetric measurements at week 11 postinfection for a period of 7 consecutive
days using a Comprehensive Laboratory Animal Monitoring System (Columbus Instruments,
Columbus, OH, USA). Before the start of the measurements, the animals were acclimated to
the cages and the single housing for a period of 48 hours. Feeding behavior was assessed by
real-time food intake. Spontaneous locomotor activity was determined by the measurement
of beam breaks. Oxygen consumption and carbon dioxide production were measured at
15-minute intervals and normalized for body surface area (kg®”®). Respiratory exchange ratio
and energy expenditure were calculated as described previously (34).

Isolation of adipocytes and stromal vascular fraction (SVF) from adipose tissue

Gonadal (epididymal), visceral (mesenteric) and subcutaneous (flank) adipose tissues were
collected from infected and uninfected mice, minced, and digested for 1 h at 37°C in HEPES
buffer (pH 7.4) containing 0.5g/1 type 1 collagenase from Clostridium histolyticum (Sigma-Aldrich)
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and 2% (w/v) dialyzed bovine serum albumin (Fraction V; Sigma-Aldrich). The disaggregated
adipose tissue was filtered through a 236 pum nylon mesh. Mature adipocytes were isolated
from the surface of the filtrate and washed several times with PBS. Cell size was determined
using an imaging technique implemented in MATLAB which automatically determines size of
isolated adipocytes from microscopic pictures (~1000 cells/fat tissue sample). The adipocyte
size distribution, mean adipocyte diameter and volume, and adipocyte number per fat pad
were calculated, as described previously (35). The residue of the gonadal and visceral adipose
tissue filtrate was used for the isolation of stromal vascular cells for flow cytometry. In brief,
after centrifugation (350 g, 10 minutes, room temperature), the supernatant was discarded
and the pellet was treated with erythrocyte lysis buffer. The cells were washed twice with PBS
and counted manually or using an automated cell counter (TC10, Bio-Rad, Hercules, CA, USA).
Following SEA injections, stromal vascular cells from gonadal adipose tissue were isolated
as described above, with the exception that the disaggregated adipose tissue was passed
through a 100 um cell strainer that was washed with PBS supplemented with 2.5 mM EDTA
and 5% fetal calf serum (FCS).

Isolation of CD45* cells from liver tissue

Livers were minced and digested for 45 minutes at 37°C in RPMI 1640 + Glutamax (Life
Technologies, Bleiswijk, The Netherlands) containing 1 mg/mL collagenase type IV from
Clostridium histolyticum, 2000 U/mL DNase (both Sigma-Aldrich), and 1 mM CaCl.. The
digested liver tissues were passed through 100 um cell strainers that were washed with PBS
supplemented with 2.5 mM EDTA and 5% FCS. Following centrifugation (530 g, 10 minutes,
4°C), the supernatant of the filtrate was discarded, after which the pellet was resuspended in
PBS + 2.5 mM EDTA and 5% FCS and centrifuged at 50 g to remove hepatocytes (3 minutes,
4 degrees). Next, supernatants were collected and pelleted (530 g, 10 minutes, 4°C). The
pellet was treated with erythrocyte lysis buffer, and the cells were washed once more
with PBS + 2.5 mM EDTA and 5% FCS. CD45* cells were isolated by use of LS columns and
CD45 MicroBeads (35 pL/liver; Miltenyi Biotec, Bergisch Galdbach, Germany) according to
manufacturer’s protocol. Isolated CD45* cells were counted and processed as described
for the SVF.

Processing of isolated cells for flow cytometry

For analysis of macrophage and lymphocyte subsets, isolated stromal vascular cells and CD45*
cells from liver were stained with the live/dead marker Aqua (Invitrogen), after which they
were fixed with 1.9% paraformaldehyde (Sigma-Aldrich) and stored in FACS buffer (PBS, 0.02%
sodium azide, 0.5% FCS) at 4°C in the dark until subsequent analysis. For analysis of cytokine
production, isolated cells were cultured for 4 hours in culture medium in the presence of
100 ng/mL phorbol myristate acetate (PMA), 1 pg/mL ionomycin and 10 pg/mL Brefeldin A
(all Sigma-Aldrich). After culture, cells were washed with PBS, stained with Aqua, and fixed as
described above.
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Flow cytometry

For analysis of lymphocyte subsets, SVF cells were stained with antibodies against CD4
(GK1.5), CD3 (17A2), B220 (RA3-6B2) or CD19 (1D3; all eBioscience, San Diego, CA, USA), CD8
(53-6.7), CD45 (104; both BioLegend, San Diego, CA, USA) and NK1.1 (PK136, eBioscience or
BD Biosciences, San Jose, CA, USA). Following SEA injections, when ILC2s were analyzed,
additional antibodies were included against Thy1.2 (52-2.1), CD11b (M1/7; both eBioscience),
CD11c (HL3) and GR-1 (RB6-8C5; both BD Biosciences), to gate on lineage-negative Thy1.2*
cells. For analysis of macrophages and eosinophils, cells were permeabilized with 0.5% saponin
(Sigma-Aldrich) in which they were also stained. Cells were incubated with an antibody against
Ym1 conjugated to biotin (R&D Systems, Minneapolis, MN, USA), washed, and stained with
streptavidin-PerCP (BD Biosciences) and antibodies directed against CD45, CD11b, CD11c,
F4/80 (BMS8; eBioscience), Siglec-F (E50-2440; BD Biosciences), and following SEA injections,
Ly6C (HK1.4; BioLegend). Cytokine production of Th2 cells and ILC2s was analyzed following
permeabilization, as described above, using antibodies against CD11b, CD11¢, GR-1, B220, NK1.1,
CD3, CD45, CD4, Thy1.2, IL-4 (11B11; eBioscience), IL-13 (eBio13A; eBioscience) and IL-5 (TRFK5;
BioLegend). Flow cytometry was performed using a FACSCanto (BD Biosciences), and gates
were set according to Fluorescence Minus One (FMO) controls. Representative gating schemes
are shown in Supplemental Fig. 1.

In vivo insulin signaling

Mice were food-deprived for 4 hours and subjected to an i.p. injection of human recombinant
insulin (1 U/kg body weight; NOVORAPID, Novo Nordisk) at 1 pm. Mice were sacrificed after
15 minutes and gonadal and visceral adipose tissues were isolated and immediately snap-
frozen. Subsequently, the tissue samples (~30 mg) were lysed in ice-cold buffer containing
50 mM Hepes (pH 7.6), 50 mM NaF, 50 mM KCI, 5 mM NaPPi, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT, 5 mM B-glycerophosphate, T mM sodium vanadate, 1% NP40 and protease inhibitor
cocktail (Complete, Roche Diagnostics). Western blots were performed using phospho-specific
(Thr308-PKB, Cell Signaling Technology, Leiden, The Netherlands) or total primary antibodies
(tubulin from Cell Signalling; insulin receptor B (IRB) from Santa Cruz Biotechnology, Dallas,
TX, USA), as described previously (36). Bands were visualized by enhanced chemiluminescence
and quantified by use of ImageJ (NIH, Bethesda, MD, USA).

RNA purification and gRT-PCR

RNA was extracted from snap-frozen tissue samples (~20 mg) using Tripure RNA Isolation reagent
(Roche Diagnostics). Total RNA (1 pg) was reverse transcribed and quantitative real-time PCR
was then performed with SYBR Green Core Kit on a MylQ thermal cycler (Bio-Rad) using specific
primers sets: 5-GCCACCAACCCTTCCTGGCTG-3' (Itgax-R), 5-TTGGACACTCCTGCTGTGCAGTTG-3'
(Itgax-F), 5-GTCCCCAAAGGGATGAGAAG-3' (Tnfa-R), 5-CACTTGGTGGTTTGCTACGA-3’
(Tnfa-F), 5-TCCTGGACATTACGACCCCT-3" (Nos2-R), 5'-CTCTGAGGGCTGACACAAGG-3' (Nos2-F),
5-TCAGCCAGATGCAGTTAACGCCC-3’ (Ccl2-R), 5-GCTTCTTTGGGACACCTGCTGCT-3’ (Ccl2-F),
5'-CCTGCCCTGCTGGGATGACT-3' (Retnla-R), 5-GGGCAGTGGTCCAGTCAACGA-3’ (Retnla-F),
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5'-ACAATTAGTACTGGCCCACCAGGAA-3' (Chil3-R), 5-TCCTTGAGCCACTGAGCCTTCA-3’
(Chil3-F), 5-GACCACGGGGACCTGGCCTT-3' (Arg1-R), 5-ACTGCCAGACTGTGGTCTCCACC-3'
(Arg1-F), 5-CCTCACAGCAACGAAGAACA-3’ (ll4-R), 5-ATCGAAAAGCCCGAAAGAGT-3’
(114-F), 5-TGGGGGTACTGTGGAAATGC-3" (lI5-R), 5-CCACACTTCTCTTTTTGGCGG-3’
(115-F), 5'-CCCTGGATTCCCTGACCAAC-3’ (IN3-R), 5-GGAGGCTGGAGACCGTAGT-3" (Il13-F),
5'-CTTTGGCTATGGGCTTCCAGTC-3' (Emr1-R), 5-GCAAGGAGGACAGAGTTTATCGTG-3’ (Emr1-F),
5-ACTGAAGTACCAAATGGACAATGTTAGT-3’ (Clec4f-R), 5'-GTCAGCATTCACATCCTCCAGA-3’
(Clec4f-F). mRNA expression was normalized to RpIPO mRNA content and expressed as fold
change compared to noninfected LFD-fed mice using the AACT method.

Statistical analysis

All data are presented as means + SEM. Statistical analysis was performed using GraphPad
Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA) with 2-tailed unpaired
Student’s t test. Differences between groups were considered statistically significant at P < 0.05.
For repeated measurements, data were analyzed assuming the same scatter to increase power.

RESULTS

Chronic S. mansoni infection reduces fat mass in HFD-induced obese mice

To study the effect of chronic helminth infection on whole-body energy homeostasis, C57BL/6
male mice were fed a LFD or HFD for 6 weeks, before infection with S. mansonifor 12 additional
weeks. HFD induced a time-dependentincrease in body weight (Fig. 1A), fat mass (Fig. 1B,C), and
mean adipocyte volume (Fig. 1D) when compared with LFD-fed mice. In response to S. mansoni
infection, HFD-fed mice gained significantly less weight (Fig. 1A), an effect exclusively resulting
from a reduction in body fat mass without affecting lean body mass (Fig. 1B,C). Morphometric
analysis of various WATs revealed that chronic S. mansoni infection reduced HFD-induced
adipocyte hypertrophy (Fig. 1D), while cell numbers remained unaffected (data not shown).
In LFD-fed animals, S. mansoni induced a small but significant decrease in gonadal adipocyte
mean volume, but did not affect body weight and fat mass. Next, by use of metabolic cages,
we found that food intake and spontaneous locomotor activity were not affected by chronic
infection (Fig. 1E,F), and indirect calorimetry also revealed that infection did not affect the
respiratory exchange ratio (Fig. 1G) or energy expenditure (Fig. 1H) in HFD-fed animals.

Chronic S. mansoni infection improves whole-body glucose tolerance and insulin
sensitivity in HFD-induced obese mice

We next investigated the effect of chronic S. mansoni infection on whole-body metabolic
homeostasis in lean and HFD-induced obese mice. As expected, HFD increased fasting plasma
glucose and insulin levels (Fig. 2A), and HOMA-IR (HOmeostatis Model Assessment of Insulin
Resistance; Fig. 2B). In addition, HFD impaired whole-body glucose tolerance (Fig. 2C,D),
peripheral glucose uptake (Fig. 2E,F), and insulin sensitivity (Fig. 2G,H). Chronic S. mansoni
infection restored fasting blood glucose and insulin levels in mice on HFD (Fig. 2A), resulting
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Figure 1. Chronic S. mansoni infection reduces body weight gain, fat mass and adipocyte size in diet-
induced obese mice. Mice were fed a LFD or HFD for 6 weeks before infection with S. mansoni cercariae
or sham-infection for 12 weeks. Body weight was monitored throughout the experimental period (A). The
change in body composition from the start of infection (B), weight of different fat pads (C) and adipocyte
mean volume (D) were measured at week 12 postinfection. Food intake (E), spontaneous locomotor
activity (F), respiratory exchange ratio (RER; G) and energy expenditure (EE; H) were assessed using fully
automated single-housed metabolic cages during week 11. Results are expressed as means + SEM. *P<0.05
HFD vs LFD, #P<0.05 helminth- vs sham-infected group (n = 4-11 animals per group in B, D-H, and 12-19
animals per group in A, Q).

in a time-dependent reduction in HOMA-IR (Fig. 2B). Furthermore, chronic infection restored
HFD-induced whole-body glucose tolerance (Fig. 2C,D), improved peripheral glucose uptake
(Fig. 2E,F) and promoted whole-body insulin sensitivity (Fig. 2G,H). Of note, except for a slight
but significant decrease in fasting plasma insulin level, S. mansoni infection did not affect any
metabolic parameters in LFD-fed mice. Overall, these data indicate that S. mansoni improves
whole-body glucose tolerance and insulin resistance in diet-induced obese mice.

Chronic S. mansoni infection improves adipose tissue insulin sensitivity in HFD-
induced obese mice

To study the effect of chronic S. mansoni infection on WAT-specific insulin sensitivity, mice
were subjected to an acute intraperitoneal insulin injection. The expression of IR and insulin-
induced phosphorylation of protein kinase B (PKB) were assessed by Western Blot in both
gonadal and visceral WAT. As expected, HFD reduced IR protein expression (Fig. 21,K) and
impaired PKB phosphorylation in response to insulin (Fig. 2J,K) in both gonadal and visceral
WAT, indicating tissue-specific insulin resistance. Chronic S. mansoni infection restored
IRB protein expression and insulin-induced PKB phosphorylation in WAT of HFD-fed mice
(Fig. 2I-K), suggesting that the beneficial effect of helminths observed at the systemic level
might be secondary to improved tissue-specific insulin sensitivity.
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Figure 2. ChronicS. mansoni infection improves whole-body glucose tolerance and insulin sensitivity
in diet-induced obese mice. Mice were fed a LFD or HFD and were infected with S. mansoni as described
in the legend of Fig. 1. Plasma glucose and insulin levels (A) were determined in 4h-fasted mice at week 12
postinfection. HOMA-IR was calculated throughout the experimental period (B). An intravenous glucose
tolerance test (2g D-glucose with 50% [6,6-°H,]glucose / kg body weight) was performed in 6h-fasted mice
at week 11. Blood glucose levels were measured at the indicated time points (C) and the area under the
curve (AUCQ) of the glucose excursion curve was calculated as a measure for glucose tolerance (D). Blood
was also collected for determination of the time-dependent change in [6,6-*H,]glucose concentration
by gas chromatography mass spectrometry (E). For each mouse, a decay curve was fitted of which the
slope represents peripheral glucose uptake (F). Ani.p. insulin tolerance test (1U/kg lean body mass) was
performed in 4h-fasted mice at week 11. Blood glucose levels were measured at the indicated time points
(G) and the AUC of the glucose excursion curve was calculated as a measure for insulin resistance (H).
After 12 weeks of infection, 4h-fasted mice received an intravenous injection of insulin (1 U/kg lean body
mass) and were sacrificed by cervical dislocation after 15 minutes. Gonadal and visceral adipose tissues
were collected and immediately snap-frozen. The protein expression of IR (/) and the phosphorylation
state of PKB-Thr308 (J) were assessed by Western blot and quantified by densitometry analysis. Tubulin
expression was used as internal housekeeping protein. Representative Western blots are shown (K) Results
are expressed as means + SEM. *P<0.05 HFD vs LFD, #P<0.05 helminth- vs sham-infected group. Figures
C, E and G: statistical significance of HFD sham vs LFD sham and HFD infected vs HFD sham is shown (n =
12-19 animals per group in A and B and 3-11 animals per group in C-J).
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Chronic S. mansoni infection increases adipose tissue eosinophils and alternatively
activated M2 macrophages
The immune cell composition of WAT, specifically the eosinophil content and the balance
between M1 and M2 macrophages, has been shown to play a crucial role in the maintenance of
adipocyte insulin sensitivity and whole-body metabolic homeostasis (6). To investigate whether
chronic S. mansoni infection affects the immune cell composition in WAT, the stromal vascular
fraction (SVF) was isolated from gonadal and visceral WAT of sham- and helminth-infected
mice, and the immune cell composition was analyzed by flow cytometry (see Supplemental
Fig. 1 for gating strategy). We found that HFD significantly reduced B cell, NK cell, and NKT cell
numbers per gram of gonadal WAT (Supplemental Fig. 2A). S. mansoni promoted infiltration of
leukocytes into gonadal WAT, resulting in increased numbers of all ymphocyte subsets studied
in both LFD- and HFD-fed mice (Supplemental Fig. 2A). No major effect of diet or infection was
observed on lymphocytes in visceral WAT (Supplemental Fig. 2B).

Subsequent analysis of eosinophils, identified by CD45 and Siglec-F expression, revealed
a trend for a decrease in WAT eosinophil numbers in HFD-fed mice (Fig. 3A,B), in line with a
previous report (18). Chronic S. mansoni infection induced a strong increase in eosinophil
infiltration into gonadal and visceral WATs from both LFD- and HFD-fed mice (Fig. 3A,B).

Finally, the expression of CD11c and Ym1 in CD11b*F4/80* cells allowed us to discriminate
between M1 and M2 macrophages, respectively (17) (Fig. 3C). HFD promoted a significant
increase in M1 macrophages in gonadal WAT (Fig. 3D) and a decrease in M2 macrophages in
visceral WAT (Fig. 3E). Analysis of adipose tissue gene expression confirmed that M1 markers
were increased in HFD-fed mice, an effect particularly clear in gonadal WAT, although M2-
associated genes were not down-regulated significantly (Fig. 3G,H). Chronic S. mansoniinfection
had a marginal effect on WAT M1 macrophage counts as determined by flow cytometry
analysis, but strongly increased M2 macrophage numbers in both gonadal and visceral WAT
from LFD- and HFD-fed mice (Fig. 3D,E), shifting the M2/M1 ratio toward M2 (Fig. 3F). In line
with these results, infection induced a strong up-regulation of M2-associated genes in both
gonadal and visceral WAT from LFD- and HFD-fed mice, whereas the expression of M1-related
genes was barely affected (Fig. 3G,H). Lastly, mRNA expression of the type 2-associated
cytokines IL-4 and IL-5 were also significantly up-regulated in WAT from helminth-infected mice
(Fig. 3G,H). Taken together, these results suggest that chronic S. mansoni infection promotes
WAT type 2 inflammation characterized by adipose tissue eosinophilia and accumulation of
M2 macrophages.

S. mansoni soluble egg antigens improve whole-body metabolic homeostasis and
promote a type 2 immune response in WAT and liver from obese mice

To exclude that the beneficial effects of helminth infection on metabolic homeostasis are
simply a result of parasitism, we next investigated whether S. mansoni-derived molecules can
alleviate diet-induced metabolic disorders. For this purpose, HFD-fed mice were subjected
to repetitive i.p. injections with SEA, which was shown to promote a strong Th2 response in
vitro (37) and in vivo (38). Importantly, treatment with SEA for 4 weeks did neither affect body
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Figure 3. Chronic S. mansoni infection increases adipose tissue eosinophils and alternatively-activated
M2 macrophages. Mice were fed a LFD or HFD and infected with S. mansoni as described in the legend of
Fig. 1. At sacrifice (week 12), various adipose tissues were collected. Small tissue pieces were snap-frozen
for qPCR analysis and the remaining tissue pieces were used for SVF isolation. Following fixation and
permeabilization, SVF cells were stained and analyzed by flow cytometry. The complete gating scheme is
shown in Supplemental Fig. 1. Representative flow cytometry plots from gonadal adipose tissue show the
percentage of eosinophils based on Siglec-F expression in Aqua CD45* cells (A). The numbers of eosinophils
per gram tissue were determined (B). Macrophages were identified as Aqua CD45*Siglec-FCD11b*F4/80*
cells. Representative flow cytometry plots from gonadal adipose tissue show the percentage of CD11c*
(M1) and Ym1+* (M2) macrophages (C). The numbers of M1 and M2 macrophages per gram tissue in gonadal
(D) and visceral (E) WAT were determined and the M2/M1 ratios were calculated (F). mRNA expression of
the indicated genes in gonadal (G) and visceral (H) adipose tissues were quantified by RT-PCR relative to
RplIPO gene and expressed as fold difference compared with the non-infected LFD-fed mice. ltgax encodes
CD11¢; Retnla encodes Fizz1; Chil3 encodes Ym1. Results are expressed as means + SEM. *P<0.05 HFD vs
LFD, #P<0.05 helminth- vs sham-infected group (n = 8-16 animals per group).
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weight nor lean or fat body mass (Fig. 4A), but improved fasting plasma glucose and insulin
levels (Fig. 4B,C), HOMA-IR (Fig. 4C), and whole-body glucose tolerance (Fig. 4E) and insulin
sensitivity (Fig. 4F).

Like the chronic parasite infection, SEA exposure promoted WAT eosinophilia (Fig. 5A),
associated with accumulation of M2 macrophages (Fig. 5B), leading to a shift in the M2/M1
ratio toward M2 polarization (Fig. 5C). As we showed that helminth infection promoted gene
expression of type 2-associated cytokines in WAT (Fig. 3), we next determined the numbers of
CD4*T cells and ILCs (lineage-negative Thy1.2*) in gonadal WAT (see Supplemental Fig. 1 for
gating strategy), and analyzed cytokine expression by these lymphocyte subsets following
stimulation with PMA and ionomycin (gating strategy shown in fig. 5E). Compared to LFD,
HFD decreased the total number of CD4*T cells and ILCs (Fig. 5D), and the percentage of CD4*
T cells expressing IL-4, but not IL-5 or IL-13 (Fig. 5F), and did not significantly affect cytokine
production by ILCs (Fig. 5G). Treatment of HFD-fed mice with SEA strongly enhanced the
percentage of IL-4-, IL-5- and IL-13-expressing CD4* T cells in gonadal WAT (Fig. 5F), and slightly
increased IL-5 production by ILCs (Fig. 5G). These findings were confirmed by quantitative PCR
(qPCR), which showed that SEA promotes gene expression of M2-associated markers and type
2 cytokines (Fig. 5H).
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Figure 4. SEA improves whole-body metabolic homeostasis in HFD-induced obese animals. Mice
were fed a LFD or HFD for 12 weeks, after which they were treated i.p. with PBS or 50 ug SEA once every
3 days for a period of 4 weeks. Body weight and body composition were analyzed after 4 weeks of
treatment (A). Plasma glucose (B) and insulin (C) levels were determined in 4h-fasted mice after 4 weeks
of treatment and HOMA-IR was calculated (D). An i.p. glucose tolerance test (2 g/kg body weight) was
performed in 6h-fasted mice at week 3. Blood glucose levels were measured at the indicated time points
and the area under the curve (AUC) of the glucose excursion curve was calculated as a measure for
glucose tolerance (E). An i.p. insulin tolerance test (1U/kg lean body mass) was performed in 4h-fasted
mice at week 3. Blood glucose levels were measured at the indicated time-points, and the AUC of the
glucose excursion curve was calculated as a measure for insulin resistance (F). Results are expressed
as means = SEM. * P<0.05 HFD vs LFD, # P<0.05 PBS vs SEA (n = 11-13 animals per group in A-E and 3-6
animals per group in F).
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Figure 5. SEA treatment promotes adipose tissue Th2 polarization, and accumulation of eosinophils
and alternatively-activated M2 macrophages. Mice were fed a LFD or HFD for 12 weeks, after which
they were treated i.p. with PBS or 50 ug SEA once every 3 days for a period of 4 weeks. At sacrifice
(week 4), gonadal adipose tissue was collected and processed as described in the legend of Fig. 3.
Following fixation, SVF cells were stained and analyzed by flow cytometry. Gating schemes for ex vivo
analysis of lymphocyte subsets are shown in Supplemental Fig. 1. The numbers of eosinophils (A) and
M1 and M2 macrophages (B) per gram tissue were determined, and the M2/M1 ratio was calculated
(C). The numbers of CD4*T cells and ILCs were determined (D). Intracellular cytokine production was
analyzed after 4h stimulation with PMA and ionomycin in the presence of brefeldin A. Following gating
on AquaCD45* cells, lymphocyte subsets were analyzed by selecting for Thy1.2* cells to enrich for
T cells and ILCs. CD4*T cells were subsequently identified as Lineage*CD4* cells, in which the lineage
cocktail included antibodies against CD3, CD11b, CD11¢, B220, GR-1 and NK1.1. ILCs were identified
as LineageCD4- cells. Representative flow cytometry plots show the gating strategy for analysis of
cytokine-expressing CD4* T cells and ILCs (E). The frequencies of cytokine-expressing T cells (F) and
ILCs (G) were determined. mRNA expression of the indicated genes was analyzed as described in the
legend of Fig. 3 (H). Retnla encodes Fizz1; Chil3 encodes Ym1. Results are expressed as means + SEM.
*P<0.05 HFD vs LFD, #P<0.05 PBS vs SEA (n = 9-13 animals per group for all measurements except for
intracellular analysis of IL-5 (n = 3-7).
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As classical activation of liver macrophages has also been observed in diet-induced obesity
(39), we determined the effect of SEA treatment on the hepatic immune cell composition.
Analysis of myeloid cells showed that HFD did not affect liver eosinophil numbers (Fig. 6A).
Assessment of CD45*Siglec-FCD11b'°F4/80" macrophages (Fig. 6B), which were identified
previously as Kupffer cells (40), showed that HFD promoted CD11c expression in these cells
with no effect on Ym1 expression (Fig. 6C), thereby strongly decreasing the Ym1/CD11c ratio
(Fig. 6D). HFD also decreased the numbers of CD4*T cells and ILCs (Fig. 6E), although analysis
of cytokine production (Fig. 6F) showed that HFD did not affect expression of Th2 cytokines
by T cells (Fig. 6G). HFD reduced the frequency of IL-5- and IL-13-expressing ILCs (Fig. 6G).
SEA injections promoted eosinophil infiltration (Fig. 6A), but did not affect macrophage
polarization (Fig. 6B,C), which was also confirmed by qPCR analysis (Fig. 6l). In line with our
findings in WAT, SEA strongly increased expression of IL-4, IL-5 and IL-13 by CD4* T cells in
the liver (Fig. 6G), without a pronounced effect on the expression of type 2 cytokines by ILCs
(Fig. 6H). Taken together, these findings indicate that helminth-derived molecules improve
metabolic homeostasis, associated with the induction of eosinophils and Th2 cells in WAT and
liver, and M2 macrophage polarization in WAT.

DISCUSSION

Over the past decade, it has become increasingly clear that multiple facets of the Th2-
associated immune response promote metabolic homeostasis (6). Landmark studies have
shown that infection of diet-induced obese mice with the rodent nematode N. brasiliensis
ameliorates whole-body insulin sensitivity and glucose tolerance (18;26). In the present
study, we analyzed which aspects of whole- body energy metabolism and WAT immune cell
composition are affected by helminths, using a model of chronic S. mansoni infection. Unlike
N. brasiliensis, which gives a strong Th2 response that mediates parasite clearance within two
weeks, S. mansoni establishes a chronic infection, characterized by the presence of Th2 cells,
alternatively activated macrophages, and a regulatory network (29). To study the effect of Th2-
inducing conditions in a pathogen-free setting, we next exposed mice on a HFD to repetitive
injections with S. mansoni soluble egg antigens.

We report that chronic exposure to S. mansoni induces a type 2 immune response in
adipose tissue and improves both insulin sensitivity and glucose tolerance. These findings
indicate that the beneficial effect of chronic S. mansoni infection on whole-body metabolic
homeostasis, as reported previously for short-lived infection with N. brasiliensis (18;26), is a
hallmark of helminth infection. Unique to our study, we have performed in-depth metabolic
profiling, which showed that helminth infection specifically reduced fat mass and dampened
HFD-induced adipocyte hypertrophy. However, we surprisingly did not find any changes in
food intake or energy expenditure in our experimental conditions, leading us to speculate
that chronic S. mansoni infection may affect nutrient efficiency by impairing intestinal lipid
absorption. Another possibility is that dietary fat could be incorporated into eggs by the
worms and next excreted through the feces. Further studies are required to clarify this specific
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Figure 6. SEA treatment promotes accumulation of eosinophils and Th2 polarization in liver. Mice were
fed a LFD or HFD for 12 weeks, after which they were treated i.p. with PBS or 50 pg SEA once every 3 days
for a period of 4 weeks. At sacrifice, livers were collected and a small piece was snap-frozen for gPCR
analysis. From the remaining liver tissue, CD45* cells were isolated and analyzed by flow cytometry. Gating
schemes for ex vivo analysis of lymphocyte subsets are shown in Supplemental Fig. 1. The numbers of
eosinophils (A) were determined. Kupffer cells were gated based on CD11b and F4/80 expression in Aqua-
CD45*Siglec-F cells (B). The number of CD11c*and Ym1* Kupffer cells (C) per gram liver were determined,
and the Ym1*/CD11c* ratio was calculated (D). The numbers of CD4*T cells and ILCs were determined (E).
Intracellular cytokine expression was analyzed as described in the legend of Fig. 5. The gating strategy for
analysis of cytokine-expressing CD4*T cells and ILCs is shown (F). The frequencies of cytokine-expressing
CDA4T cells (G) and ILCs (H) were determined. mRNA expression of the indicated genes was analyzed as
described in the legend of Fig. 3 (/). Emr1 encodes F4/80; Itgax encodes CD11c; Retnla encodes Fizz1; Chil3
encodes Ym1. Results are expressed as means + SEM. *P<0.05 HFD vs LFD, #P<0.05 WT vs Mrc1 (n = 11-13
animals per group).

point. Remarkably, infection improved fasting plasma glucose and insulin levels, whole-body
glucose tolerance and insulin sensitivity in HFD-fed mice. Among the possible underlying
mechanisms, we found that S. mansoni reversed HFD-induced inhibition of peripheral glucose
uptake, which may be secondary to tissue-specific improvement of insulin sensitivity, as
S. mansoni-infected HFD-fed mice exhibited higher insulin-induced PKB phosphorylation in
WAT than uninfected controls.

Except for small effects on adipocyte volume, fasting insulin and energy expenditure,
none of the metabolic parameters analyzed were affected by S. mansoni infection in mice on
LFD, suggesting that helminths improve metabolic homeostasis independently of putative
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S. mansoni-induced pathologies. We cannot exclude the possibility that part of the effect may
be secondary to body weight loss or increased glucose/lipid metabolism by the helminths
themselves. However, sustained exposure to SEA did not significantly affect body weight,
but improved HOMA-IR, whole-body glucose tolerance and insulin sensitivity, in line with
a previous report (41). Taken together, these findings suggest that the beneficial effects of
helminths on metabolic homeostasis are not secondary to parasitism on host metabolism,
but likely due to a direct effect on metabolic tissues or immune cells.

We demonstrate that S. mansoni infection reduced diet-induced body weight gain and
improved HOMA-IR, once infection was established beyond 6 weeks. Glucose tolerance
and peripheral glucose uptake were also improved after 11 but not 5 weeks of infection
(Supplemental Fig. 3). Since egg production by adult worms triggers the development of a
type 2 response ~6 weeks after infection (42), it is therefore likely that the beneficial effect
of helminths on metabolic homeostasis may be mediated by the presence of eggs. This is
further supported by our data showing that S. mansoni egg-derived soluble molecules improve
glucose tolerance and insulin sensitivity in HFD-fed mice. Interestingly, improvements in
metabolic homeostasis were also found in obese mice treated with the Lewis*-containing
glycan LNFPIII (41). Of note, we have demonstrated previously that omega-1, a Lewis*-containing
immunomodulatory RNase isolated from SEA, skews strong Th2 responses (43;44). Whether
omega-1 contributes to the beneficial effect of helminth infection or SEA injection on energy
homeostasis requires further study.

It is well-established that adipocyte hypertrophy in response to HFD induces cell
necrosis, leading to the infiltration of M1 macrophages which later form crown-like
structures around the necrotic cells (45;46). Chronic S. mansoni infection did not reduce M1
gene expression or cell numbers, suggesting that M1 macrophages continue to reside in
WAT, even though glucose homeostasis improves. In line with this, SEA injections did not
affect M1 cell numbers. These findings differ from a study by Fujisaka et al. (47) in which
the anti-diabetic drug pioglitazone reduced expression of the CD11c-encoding gene, and
lowered M1 cell numbers in gonadal WAT in HFD-fed mice. In addition, both infection with
N. brasiliensis and pioglitazone treatment reduced total WAT macrophages (18;47), whereas
chronic S. mansoni infection or SEA administration increased WAT macrophage numbers, as
aresult of an increase in M2 numbers. Taken together, these findings indicate that the M2/
M1 ratio, rather than an increase or decrease in a particular macrophage subset, might be
critical for metabolic homeostasis.

Mechanistically, the rise in WAT M2 macrophage numbers following chronic S. mansoni
infection or repeated SEA administration may be a result of local macrophage proliferation,
which has been reported in the pleural cavity upon infection with the filarial helminth
Litomosoides sigmodontis in response to IL-4 (48). An alternative explanation could be that
S. mansonior SEA induce WAT monocyte infiltration and differentiation into M2 macrophages,
which is plausible since we observed a significant increase in blood CD11b*Ly6C* inflammatory
Ym1-expressing monocytes during chronic infection (data not shown). Of note, it is rather
unlikely that helminth-derived molecules trigger M2 polarization by directly interacting with
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macrophages, as it has been described that SEA treatment does not induce expression of Chil3
(encoding Ym1), Mrc1 and Arg1 by bone marrow-derived macrophages in vitro (27).

Importantly, it was demonstrated recently that maintenance of M2 macrophages in WAT
depends on the presence of IL-4-secreting eosinophils (18), which are sustained by IL-5- and
IL-13-producing ILC2s (19). In our study, we showed that chronic S. mansoni infection and SEA
treatment promoted eosinophil accumulation in WAT, consistent with a previous reports on N.
brasiliensis infection (18;19), and increased the mRNA levels of the type 2 cytokines IL-4 and IL-5.
By analyzing intracellular IL-4, IL-5 and IL-13 cytokine production by lymphocytes isolated from
gonadal WAT of SEA-treated mice, we found that CD4* T cells, but not ILCs, produced increased
levels of these type 2 cytokines. Recent literature described that IL-13 production by ILC2s in
response to S. mansoni egg challenge peaks after 7 days of challenge and is reduced to baseline
by day 21 (49). Since we analyze cytokine responses after 4 weeks of SEA administration, we
speculate that ILC2 cytokine production has already diminished. Therefore, it is still possible
that S. mansoni-induced ILC2s may be the first trigger for eosinophilia and accumulation of M2
macrophages in WAT. Then, at a later stage of infection or after long-term helminth antigen
exposure, Th2-derived cytokines such as IL-4 may mediate M2 proliferation (48). Of note, we
analyzed expression of a variety of eosinophil-attracting chemokines and eotaxins in WAT, but
found no effect of SEA treatment (data not shown). Taken together, the interaction between
the different cell types involved, as well as their relative contribution to the beneficial effect
of helminths on WAT insulin sensitivity and whole-body metabolic homeostasis, requires
further studies.

In addition to profound effects of SEA treatment on immune cells in WAT, we also observed
increased eosinophilia and Th2 cytokine expression in the liver, suggesting that the adipose
tissue is not an exclusive target of S. mansoni-derived antigens. Interestingly, it has been
reported that both IL-4 and IL.-13 may contribute to glucose homeostasis by directly regulating
hepatic insulin sensitivity and glucose production, respectively (21;50). Helminth molecules
may indeed work as a double-edged sword, acting on inflammatory and metabolic pathways
in WAT and liver. The exact contribution of the liver to the whole-body metabolic beneficial
phenotype observed in response to SEA treatment remains to be clarified.

In conclusion, our work has revealed that chronic infection with S. mansoni, as well as SEA
treatment, protects against metabolic disorders in a mouse model of HFD-induced obesity.
We have established that S. mansoni reduces adipocyte size and promotes peripheral glucose
uptake and WAT-specific insulin sensitivity. Through analysis of immune cell composition at the
cellular level, we show that SEA injections strongly increase eosinophils and Th2 cells in both
WAT and liver, although they only promote M2 macrophage polarization in WAT. Collectively,
our data identify S. mansoni-derived egg antigens as attractive agents for therapeutic
manipulation of theimmune system in the context of metabolic disorders. Several clinical trials
are currently registered to assess the safety or efficacy of helminth therapy for the treatment
of various inflammatory diseases in humans. As helminth infections can induce pathological
conditions, studies are now focusing on helminth-derived molecules (51;52). The identification
of single active molecules and the mechanisms by which they improve whole-body metabolic
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homeostasis may offer new insights toward the development of novel therapeutics for the
treatment of metabolic syndrome.
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CHAPTER 5

SUPPLEMENTAL DATA
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Figure S1. Gating strategies. Isolated cells were pre-gated on AquaCD45* single cells (A). The gating
strategy for analysis of eosinophils, CD11c* M1 macrophages and Ym1* M2 macrophages is shown,
including Fluorescence Minus One (FMO) controls for Ym1 and CD11c, in a representative sample from
the chronic infection study (B) and the i.p. injection study (C). The gating strategy is shown for NK cells,
NKT cells, CD4* T cells, CD8* T cells and B cells in a representative sample from the chronic infection study
(D), and for CD4* T cells and innate lymphoid cells (ILCs) in in a representative sample from the i.p. study
(E). For ex vivo analysis of CD4* T cells and ILCs, the lineage cocktail included antibodies against CD11b,
CD11¢, B220 and GR-1. Note: Gating on CD4* T and ILCs with CD3 in the lineage channel gave similar results.
Representative samples were chosen from gonadal adipose tissue; gating strategies were similar for the
analysis of myeloid and lymphoid subsets in visceral adipose tissue and liver.
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Figure S2. Lymphocyte composition of WAT. Mice were fed a LFD or a HFD for 6 weeks before infection
with S. mansoni cercariae or sham-infection for 12 weeks. At sacrifice (week 12), various adipose tissues
were collected and their stromal vascular fractions (SVF) were isolated. Following fixation, SVF cells were
stained and analyzed by flow cytometry. The gating strategy is shown in figure S1D. The numbers of
CD45* leukocytes and indicated lymphocyte populations per gram tissue for gonadal (A) and visceral (B)
WAT were determined. Results are expressed as means + SEM. *P<0.05 vs LFD, #P<0.05 vs sham-infected
group (n = 12-18 animals per group in A, and 5-13 animals per group in B).
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Figure S3. S. mansoni infection does not affect glucose tolerance or uptake after 5 weeks of
infection. Mice were fed a LFD or a HFD and were infected with S. mansoni as described in the legend
of Fig. S2. An intravenous glucose tolerance test (29 D-glucose with 50% [6,6-’H,]glucose / kg BW) was
performed in 6h-fasted mice at week 5. Blood glucose levels were measured at the indicated time
points and the area under the curve (AUC) of the glucose excursion curve was calculated (A). Blood
was also collected for determination of the time-dependent change in [6,6-’H,]glucose concentration
by gas chromatography mass spectrometry. For each mouse, a decay curve was fitted of which the
slope represents peripheral glucose uptake (B). Results are expressed as means + SEM. *P<0.05 vs LFD
(n=4-11 animals per group).
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