Immunology

The Journal of cells, systems and tect

« British Society for
immunologq}

WA ANIOIROIeA @ ORIGINAL ARTICLE

Immune response in the adipose tissue of lean mice infected with
the protozoan parasite Neospora caninum
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Introduction

The adipose tissue, viewed in the past merely as a lipid
depot, is now recognized as an endocrine organ that signifi-
cantly contributes to immune function.! This has been
widely explored in studies addressing adipose tissue inflam-

Summary

The adipose tissue can make important contributions to immune func-
tion. Nevertheless, only a limited number of reports have investigated in
lean hosts the immune response elicited in this tissue upon infection. Pre-
vious studies suggested that the intracellular protozoan Neospora caninum
might affect adipose tissue physiology. Therefore, we investigated in mice
challenged with this protozoan if immune cell populations within adipose
tissue of different anatomical locations could be differently affected. Early
in infection, parasites were detected in the adipose tissue and by 7 days of
infection increased numbers of macrophages, regulatory T (Treg) cells
and T-bet’ cells were observed in gonadal, mesenteric, omental and sub-
cutaneous adipose tissue. Increased expression of interferon-y was also
detected in gonadal adipose tissue of infected mice. Two months after
infection, parasite DNA was no longer detected in these tissues, but T
helper type 1 (Thl) cell numbers remained above control levels in the
infected mice. Moreover, the Th1/Treg cell ratio was higher than that of
controls in the mesenteric and subcutaneous adipose tissue. Interestingly,
chronically infected mice presented a marked increase of serum leptin, a
molecule that plays a role in energy balance regulation as well as in pro-
moting Thl-type immune responses. Altogether, we show that an apicom-
plexa parasitic infection influences immune cellular composition of
adipose tissue throughout the body as well as adipokine production, still
noticed at a chronic phase of infection when parasites were already
cleared from that particular tissue. This strengthens the emerging view
that infections can have long-term consequences for the physiology of
adipose tissue.

Keywords: adipose tissue; leptin; macrophages; Neospora caninum; regula-
tory T cells

mation, which is associated with obesity.> However, only a
limited number of studies have addressed in lean hosts the
impact of infection in the adipose tissue immune cell com-
position and function.” Adipose tissue can be separated
into visceral adipose tissue (VAT) and subcutaneous adi-
pose tissue (SAT). Distinct lymphoid structures have been

Abbreviations: AF, autofluorescence; APC, allophycocyanin; Argl, arginase 1; FMO, fluorescence minus one; FVD, fixable viabil-
ity dye; GAT, gonadal adipose tissue; IFN-y, interferon-7; i.g., intragastrically; IL-12, interleukin-12; i.p., intraperitoneally; IMAT,
intramuscular adipose tissue; MAT, mesenteric adipose tissue; MLN, mesenteric lymph nodes; NcT, Neospora caninum tachyzo-

ites; NO, nitric oxide; Nos2, inducible nitric oxide synthase 2; OAT, omental adipose tissue; PE, phycoerythrin; qPCR, quantita-

tive real-time PCR; SAT, subcutaneous adipose tissue; SD, standard deviation; SVF, stromal vascular fraction; Thl, T helper type
1; Treg, regulatory T; VAT, visceral adipose tissue; WT, wild-type
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identified in the different types of VAT, such as fat-associ-
ated lymphoid clusters in the mouse mesentery and milky
spots in the omentum, which can contribute differently to
the immune response.” Moreover, differences were recently
reported in the composition of the non-adipocyte cells iso-
lated from adipose tissue, known as stromal vascular frac-
tion (SVF), of different intra-abdominal fat depots.®
Despite these reported differences, the majority of studies
addressing the immune response to infection in the adipose
tissue focused on just one or two types of VAT.

Neospora caninum is a cyst-forming apicomplexa para-
site closely related to Toxoplasma gondii. Neosporosis, the
disease caused by N. caninum, was first recognized in
domestic dogs in the 1980s and later on in cattle, the eco-
nomically relevant host.”'® In cattle, this parasitic disease
assumes particular importance by causing repeated abor-
tions, birth of sickly calves, or of apparently healthy but
chronically infected animals,”' imposing a high eco-
nomic burden in the dairy and beef industries.'® Neospora
caninum seropositivity has been associated with a reduc-
tion in weight gain in beef cattle'” and decreased fat and
milk production in dairy cattle.'>'* In addition, mice
infected with N. caninum presented an up-regulation of
genes mapped to the adipocytokine signalling pathway."
Therefore, an influence of N. caninum infection in adipo-
cyte metabolism can be hypothesized. In this work we
investigated if adipose tissue from different anatomical
locations (gonadal, mesenteric, omental, subcutaneous
and intramuscular) could be differently affected in the
course of infection by assessing different leucocyte cells
recruited into that tissue or expanded therein. Our results
showed marked immune cell alterations in the adipose
tissue of N. caninum-infected mice that persist after local
parasite elimination and also elevated serum leptin in
chronically infected mice. This indicates that N. caninum
infection may persistently affect the metabolic regulation
of the host.

Material and methods

Mice

Female wild-type (WT) C57BL/6 mice (7-8 weeks old)
were purchased from Charles River Laboratory (Wilming-
ton, MA) and kept at the ICBAS animal facilities (Porto,
Portugal) during the experiments. Female interleukin-12
(IL-12)/IL-23 p40-deficient (p407/7) C57BL/6 mice were
purchased from Jackson Laboratories (Bar Harbor, ME)
and housed and bred also at ICBAS in individual venti-
lated cages. Hiding and nesting materials were provided.
Procedures involving mice were performed according to
the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Pur-
poses (ETS 123) and directive 2010/63/EU of the Euro-
pean parliament and of the council of 22 September 2010
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on the protection of the animals used for scientific
purposes, and Portuguese rules (DL 113/2013). Authori-
zation to perform the experiments was issued by compe-
tent national board authority, Direc¢ao-Geral de
Alimentagao e Veterindria (0420/000/000/2012).

Parasites

Neospora caninum tachyzoites (NcT) [Nc-1, ATCC®
(50843)] were obtained from infected VERO cell cultures
as previously described.'® The viability of the used
inocula was confirmed in highly susceptible p40~/"
C57BL/6 mice.'”

Challenge infections

Neospora caninum infections were performed in 9- to 13-
week-old WT C57BL/6 mice by the intraperitoneal route,
by inoculation of 0-5 ml PBS containing 1 x 107 tachyzo-
ites. Mock-infected controls were similarly intraperitone-
ally (i.p.) injected with 0-5 ml of PBS. Alternatively, mice
were intragastrically (i.g.) challenged with 1 x 107 tach-
yzoites in 0-2 ml of PBS or similarly treated with PBS alone
using a previously described protocol.'® The IL-12/IL-23
p40~'~ mice, were also i.p. inoculated with 5 x 10° NcT.

Collection of biological samples

Six hours, 7 days, 21 days and 2 months after infection,
mice were anaesthetized with isoflurane for retro-orbital
blood collection and killed by cervical dislocation. For flow
cytometry analysis, gonadal adipose tissue (GAT) (VAT
present in broad ligament of uterus and ovaries), mesen-
teric adipose tissue (MAT) (VAT between the two perito-
neal layers of the mesentery), omental adipose tissue
(OAT) (VAT associated to the greater omentum; in the dis-
section, pancreas was carefully avoided), inguinal subcuta-
neous adipose tissue (SAT) (carefully avoiding inguinal
lymph nodes) and mesenteric lymph nodes (MLN) were
removed and placed in Hanks’ balanced salt solution sup-
plemented with 4% BSA, 10 mm HEPES buffer (Sigma-
Aldrich, St Louis, MO) for further analysis. In other sets of
experiments, GAT, MAT, OAT, SAT, MLN, lungs, brain,
liver and musculature of the posterior limbs were collected
from all mice, portions were preserved in 3-7—4-1% buf-
fered formalin (Panreac, Darmstadt, Germany) for histo-
pathological and immunohistochemical analysis and others
were stored at —80° for DNA extraction. For whole adipose
tissue mRNA extraction, GAT, MAT, OAT and SAT were
stored in TriReagentt™ (Sigma).

Histopathological examination and immunohistochemistry
After fixation in 3-7-4-1% buffered formalin the organs/

tissues were dehydrated, embedded in paraffin wax and
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four serial sections were cut from each block. One sec-
tion was stained with haematoxylin & eosin and the
others were used for immunohistochemistry analysis.
For Foxp3 and N. caninum staining, sections were boiled
in a pressure cooker in 10 mm citrate buffer, pH 6-0,
for 2 min. Blocking of endogenous biotin activity was
performed, in sections designated to Foxp3 staining,
using the Avidin/Biotin Blocking kit (Vector Laborato-
ries, Burlingame, CA), according to the manufacturer’s
instructions. Endogenous peroxidase activity was blocked
in all sections by treatment with 0-3% hydrogen perox-
ide in methanol (Merck, Darmstadt, Germany) for
10 min. Sections were then incubated in a moist cham-
ber for 20 min with normal rabbit serum (Dako, Glost-
rup, Denmark) diluted 1:5 in 10% BSA (Sigma), to
eliminate non-specific staining. Excess serum was
removed and the sections were incubated at room tem-
perature, 1 hr 30 min with goat anti-N. caninum poly-
clonal serum (VMRD, Pullman, WA) diluted 1 : 2000,
rat anti-mouse F4/80 (BMS), rat anti-mouse/rat Foxp3
(FJK-16s), or the isotype control Rat IgG2a k (all from
eBioscience, San Diego, CA) diluted 1 :100. Sections
incubated with anti-N. caninum antibody were washed
and incubated for 30 min at room temperature with the
peroxidase-labelled rabbit anti-goat secondary antibody
(Millipore, Billerica, MA) diluted 1 : 1500. The other
sections were incubated for 30 min with a 1 : 200 dilu-
tion of biotin-labelled anti-rat secondary antibody
(Dako) and then with the avidin-biotin peroxidase
complex (Dako), for a further 30 min. The colour in
all sections was developed by incubation with 3,3'-
diaminobenzidine (Dako). After counterstaining tissue
sections with Mayer’s haematoxylin (Merck), slides were
mounted in Entellan (Merck). A positive reaction was
indicated by the presence of brown cytoplasmic staining.
For F4/80 and Foxp3 analyses, 20 images of a section of
GAT, MAT and SAT from each individual mice were
obtained in a 200x magnification field. Due to the
small dimension of OAT, 5-20 images were acquired.
Only intramuscular adipose tissue (IMAT) was analysed
in the images obtained from the musculature of the
posterior limbs. The area of interest was determined by
manually selecting it using image analysis software IMAGE]
1.47v (National Institutes of Health, Bethesda, MD). The
total number of Foxp3" cells was counted in the images
and divided by the total area analysed. As it was diffi-
cult to accurately count individual cells in the F4/80
staining, the percentage of stained area was instead
determined using 1MaGE), as previously described."”
Numbers of Foxp3™ cells were analysed in a total area
of 4 mm? for GAT, MAT and SAT, 0-6-4-9 mm> for
OAT and 0-01-0-4 mm” for IMAT in each individual
mouse. Percentage of F4/80-stained area was analysed in
a total area of 4 mm® for GAT, MAT and SAT, 0-2—
4 mm? for OAT and 0-03-0-5 mm?® for IMAT.
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Isolation of stromal vascular fraction cells

For isolation of SVF cells we followed the methodology
previously described®”*" with slight modifications. Briefly,
collagenase type II (Sigma-Aldrich) prepared in Hanks’
balanced salt solution supplemented with 4% BSA,
10 mm HEPES was added to the recovered adipose tissue
samples to a final concentration of 1 mg/ml. Samples
were placed in a water bath at 37°, up to 60 min with
manual shaking every 10 min. As control, we also added
collagenase type II to MLN that were incubated for
30 min in the water bath. Digested samples were homog-
enized to single-cell suspensions, passed through a 100-
pum cell strainer (BD Biosciences Pharmingen, San Diego,
CA) and centrifuged at 280 g for 10 min at 4°. Cells at
the bottom, corresponding to the SVF were resuspended
in Dulbecco’s PBS, supplemented with 1% BSA, 2 mm
EDTA, 10 mm HEPES buffer (all from Sigma-Aldrich).

Cell sorting of macrophages

For cell sorting of macrophages present in GAT, the pro-
cedure described above for isolation of SVF cells was used
except the cells were recovered in PBS supplemented with
5 mMm EDTA (Sigma), 25 mM HEPES (Sigma) and 2%
fetal bovine serum (HyClone®, Thermo Scientific, Logan,
UT) instead of Hanks’ balanced salt solution. Cells were
then incubated with anti-mouse CD16/CD32 (clone 93)
for blocking Fc receptors, followed by incubation with
APC eFluor 780 anti-mouse F4/80 (BMS8) (all from eBio-
science). Cells were then sorted in a FACS Aria sorter
(BD Biosciences, San Jose, CA) according to expression
of F4/80.

Cytospin staining

Cytospins of the above-mentioned SVF cells and F4/80"-
sorted cells were prepared. The slides were methanol
fixed, stained with Hemacolor® Solutions 2 and 3
(Merck, Darmstadt, Germany) and mounted in Entellan®
(Merck). Isolated SVF cells of GAT were also cytocentri-
fuged and specifically stained with anti-mouse F4/80
(BM8) by the protocol described above for tissue sec-
tions.

Flow cytometric analysis

For dead cell exclusion all samples, except single-stained
controls, were first incubated with eFluor® 450 Fixable
Viability Dye (eBioscience, San Diego, CA) diluted
1 : 1000 in Dulbecco’s PBS for 30 min at 4°. Before sur-
face staining, cells were incubated with anti-mouse CD16/
CD32 in Dulbecco’s PBS, 1% BSA, 2 mMm EDTA, 10 mm
sodium azide for Fc receptor blocking. For macrophage
analysis, SVF cells were surface stained with Alexa Fluor
488® anti-mouse CD206 (clone C068C2) (BioLegend, San
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Diego, CA), phycoerythrin (PE) -conjugated anti-mouse
NK1.1 (clone PK136) and allophycocyanin (APC) -conju-
gated eFluor® 780 anti-mouse F4/80 (clone BMS8) (all
from eBioscience). For Foxp3 and T-bet expression analy-
sis, SVF cells were surface stained with FITC anti-mouse
CD4 (clone RM4-5), APC anti-mouse CD25 (clone
PC61.5), APC-eFluor® 780 anti-mouse NKI1.1 (clone
PK136) (all from eBioscience), Brilliant Violet 510T™
anti-mouse CD3 (clone 17A2) (BioLegend), fixed and
permeabilized (Foxp3 fixation/permeabilization bulffer,
eBioscience), washed and pre-incubated with anti-mouse
CD16/CD32 (clone 93) before intracellular staining with
PE-Cy7 anti-mouse T-bet (clone eBio4b10) and PE anti-
mouse/rat Foxp3 (clone FJK-16s) or the respective isotype
control (all from eBioscience). Data acquisition was per-
formed in a FACSCantorm II system (BD Biosciences,
San Jose, CA) using the racspivatMm software (BD) and
compensated and analysed in FrowJo version 9.7.5. (Tree
Star Inc., Ashland, OR). A bioexponential transformation
was applied to improve data visualization; 1 x 10° SVF
cells were stained per sample.

RNA isolation and real-time PCR analysis

Total RNA was extracted from 1 x 10° SVF cells or from
whole adipose tissue samples 7 days and 2 months after
infection, respectively, using TriReagenttm (Sigma-
Aldrich) according to the manufacturer’s instructions. All
RNA samples were recovered in 9 pl of nuclease-free H,0O
and quantified using Nanodrop ND-1000 apparatus
(Thermo Scientific). Synthesis of cDNA was then per-
formed from 0-3 to 11 pg of total RNA prepared as
described above in a 10 pl final volume using a Maxima®
First-Strand ¢cDNA Synthesis kit for RT-quantitative PCR
(Fermentas, Thermo Scientific), according to the manufac-
turer’s instructions. The PCR programme run (25° for
10 min; 50° for 30 min; 85° for 5 min) was performed in
a TProfessional Basic Thermocycler (Biometra GmbH,
Goettingen, Germany). Real-time PCR was then used for
the semi-quantification of arginase (Argl), nitric oxide
synthase 2, inducible (Nos2), interleukin-10 (I110), inter-
feron-y (Ifng) and leptin (Lep) mRNA expression levels
with the Kapa SYBR Fast qPCR Kit (Kapa Biosystems Inc,
Wilmington, MA) in a Rotor-Gene 6000 (Corbett Life Sci-
ence, Sydney, Australia). As reference genes we used hypo-
xanthine guanine phosphoribosyl transferase (Hprt), a
widely used reference gene, and Non-POU-domain-con-
taining, octamer binding protein (Nono), described as
being the most suitable reference gene for normalization
comparative to others when working with the cell line
3T3-L1.>* Since the SVF of adipose tissue also contains
adipocyte progenitors, we introduce this reference gene in
our analysis. For the quantification of mRNA expression
levels, the reaction was performed in a final volume of

10 ul containing 0-2 um of each specific primer:'®***
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Nono forward: TGC TCC TGT GCC ACC TGG TAC TC,
Nono reverse: CCG GAG CTG GAC GGT TGA ATG G;
Hprt forward: ACA TTG TGG CCC TCT GTG TG, Hprt
reverse: TTA TGT CCC CCG TTG ACT GA, Argl forward:
CTC CAAG CCA AAG TCC TTA GAG; Argl reverse:
AGG AGC TGT CAT TAG GGA CAT C; Nos2 forward:
CCA AGC CCT CAC CTA CTT CC; Nos2 reverse: CTC
TGA GGG CTG ACA CAA GG; 1110 forward: GCT CTT
ACT GAC TGG CAT GAG; 1110 reverse: CGC AGC TCT
AGG AGC ATG TG, Ifng forward: TGG CAA AAG GAT
GGT GAC ATG, Ifng reverse: GAC TCC TTT TCC GCT
TCC TGA, Lep forward: TCAAGCAGTGCCTATCCAGA,
Lep reverse: AAGCCCAGGAATGAAGTCCA (all from Tib
Molbiol, Berlin, Germany) and 1x Master Mix plus 1 pl
of the newly synthesized cDNA. The PCR programme run
was as follows: (i) denaturation at 95° for 5 min, and (ii)
amplification in 35 cycles (95° for 10 seconds; 62° for
20 seconds). We analysed real-time PCR data by the com-
parative threshold cycle (Cy) method.”® Individual relative

gene expression values were calculated using the following
—(C f interest — C ituti 25
formula: 2 ( . gene of interes T constitutive gene).

PCR for detection of N. caninum

DNA from the brain, lung, liver and adipose tissue of
infected and PBS-treated mice, or from NcT to use as
positive previously
described."® Neospora caninum DNA was detected using
primers and a TagMan® probe designed for the Nc5 gene
of N. caninum. Quantitative real-time PCR (qPCR) was
performed in a Rotor-Gene 6000 (Corbett Life Science)
device. Product amplification was performed with 1 pl of
template DNA, corresponding to 500-2000 ng of DNA in
a final volume of 10 pl containing 0-2 pum of each primer
(forward primer, Neo S: GTT GCT CTG CTG ACG TGT
CG; reverse primer Neo A: GCT ACC AAC TCC CTC
GGT T), 0-3 pum of Tagman® probe Neo TM (6FAM-
CCC GTT CAC ACA CTA TAG TCA CAA ACA AAA-
BBQ) (all designed by Tib Molbiol) and 1x Rotor-Gene
Probe PCR Master Mix (Qiagen, Hilden, Germany). The
PCR programme run was as follows: (i) denaturation at
95° for 3 min, (ii) amplification in 60 cycles (denatur-
ation at 95° for 5 seconds; combined annealing/extension

standards, was extracted as

60°, 20 seconds, acquiring to Cycling A Green). DNA
samples corresponding to 10°-10° tachyzoites were
included as external standards for creating a standard
curve. Quantitative evaluation of fluorescence signals
from the PCR products was performed with ROTOR-GENE
software (version 1.7.75).

Cytokine serum measurements

Serum leptin, adiponectin and insulin titres were quanti-
fied with ELISA kits (Merck Millipore, Billerica, MA)
according to the manufacturer’s instructions.
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Statistical analysis observed in the SVF by Giemsa staining. Nevertheless,
N. caninum DNA was detected by qPCR in all adipose
tissue samples analysed (Fig. 1b) except for SAT where
parasitic DNA was only detected in 1 out of 11 infected
mice. At this time-point, cellular infiltrates, mainly con-
sisting of mononuclear cells, were found in the adipose
tissue of infected mice (see Supporting information, Fig.
S1). These infiltrates were slight in SAT, moderate in
GAT and MAT but very marked in OAT. In skeletal mus-
cle sections, the cellular infiltrates seen in the adipose
depots between the muscular fascicles were inconspicu-

Statistical significance of results was determined by non-
parametric Mann—Whitney U-test calculated with GrRAPHPAD
PrISM 6.0 software (GraphPad Software, Inc., La Jolla, CA).
(*P < 0-05; **P < 0-01; ***P < 0-001; ****P < 0-0001.)

Results

The adipose tissue is readily but transiently colonized
in mice challenged i.p. with N. caninum tachyzoites

Since the adipose tissue could be a site of parasite persis- ous. Interestingly, parasite DNA was also detected in
tence, as previously shown,”® we assessed in mice chal- macrophages — defined here as cells with high autofluo-
lenged i.p. with N. caninum whether this parasite may rescence (AF"€") and staining brightly with the cell sur-
infect and persist in that tissue. Antigens and cells from face marker F4/80 (F4/80M8") — sorted from the GAT of
the peritoneal cavity are collected by the omentum.?’ infected mice 7 days after the parasite challenge (n = 3).
Accordingly, parasites could be detected as early as 6 hr At this time point, parasitic forms were also detected by
upon the infectious challenge in OAT SVF cells displaying immunohistochemistry in GAT and OAT of 1/11 and 2/9
macrophage morphology (Fig. la). Although less fre- mice, respectively (Fig. 1c). Parasitic forms were also
quent, we also detected parasite-infected cells with similar detected in the lungs of 8/11 mice, a major target organ
morphology in the MAT and GAT SVF (Fig. 1a). Seven in the acute phase of N. caninum infection,” and in the
days after infection, parasitic forms were not readily brain of 5/11 mice (Fig. 1c). Parasitic DNA was detected
(a) GAT (b)

Log,, (No. parasites/g AT)
[}
i
.
v Jebede
»
i
-
*
£

Figure 1. Parasitic burden in the adipose tissue of infected mice. (a) Hemacolor staining of stromal vascular fraction cells isolated from gonadal
adipose tissue (GAT), mesenteric adipose tissue (MAT) and omental adipose tissue (OAT) of C57BL/6 wild-type (WT) mice 6 hr after intraperi-
toneal administration of 1 x 10" Neospora caninum tachyzoites (NcT). Parasites are observed inside cells with macrophage-like morphology
(indicated by arrows). (b) Parasitic load expressed as Log;o of the number of parasites per gram of tissue, determined by PCR analysis, of the
indicated organs or adipose tissue of WT mice 7 days after NcT inoculation. Each symbol represents an individual mouse. Horizontal lines repre-
sent the mean values of the respective group (4 SD). These are pooled results from three independent experiments. (c) Detection of N. caninum
in the indicated tissues/organs of WT mice 7 days after NcT inoculation by immunohistochemistry analysis. Thin sections of the indicated
organs/tissues were specifically stained (brown coloration, indicated by arrows) with a polyclonal serum goat anti-N. caninum and counterstained
with haematoxylin.
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in these two organs in all infected mice (Fig. 1b). To
determine if the adipose tissue could be a place of para-
sitic persistence in the infected mice, the presence of
N. caninum was assessed in the different adipose tissue
samples 2 months post-infection. However, no parasite
DNA was detected in any of the analysed samples (GAT,
MAT and SAT) as well as in the lungs and liver of the
infected mice (n = 10). Nevertheless, it was detected in
the brain of 6/10 infected mice, indicating chronic infec-
tion. Altogether, these results show that adipose tissue is
readily colonized in mice infected i.p. with N. caninum
and that the immune response is effective in preventing
parasite persistence in that tissue.

Macrophages infiltrate the adipose tissue of
N. caninum-infected mice

Macrophages can be found in the adipose tissue,”** differ-
entiated into the pro-inflammatory M1 type, or into the
M2 type, mainly associated with tissue remodelling and
counterinflammatory responses.”” As these phagocytic cells
are important mediators in the host immune response to
N. caninum,”*>?
comparatively analysed in adipose tissue of several ana-
tomical locations in infected mice and sham-infected con-
trols. By using immunohistochemistry we observed a
marked increase in the F4/80-stained area in the VAT,
SAT and IMAT of 7-day-infected mice, that was no longer
detected by 2 months of infection (Fig. 2a,b). The cell sur-
face antigen F4/80, widely used as a marker for macro-
phages, is also expressed in lower amounts by other cells.*
Accordingly, we observed F4/80-expressing cells with mor-
phology compatible with macrophages (Fig. 2c) but also
with polymorphonuclear cells, most likely eosinophils and
neutrophils (Fig. 2d) in the GAT of SVF-infected mice.
Therefore, we used flow cytometry to better characterize
macrophage populations in the different adipose tissues.
As observed for splenic macrophages™ we also detected a

their presence and distribution were

high autofluorescence in GAT SVF cells displaying an F4/
gohish phenotype (Fig. 3a). Sorted F4/80Msh AFPish cells
from GAT exhibited macrophage morphology while F4/
80" cells were mainly polymorphonuclear cells (Fig. 3b).
Macrophages were therefore defined as F4/80™¢" cells, as
depicted in Fig. 3(a). Interestingly, a population of F4/
80"8" AR cells was also detected in the OAT. As this cell
population presented a low side and forward light scatter
profile (SSC'* FSC'°Y), consistent with lymphocytes, we
excluded it in the macrophage analysis. The strong signal
in the PE channel, detecting NK1.1 staining in F4/80""
cells, was probably due to the elevated autofluorescence.
Nevertheless, it may also have resulted from unspecific
binding of the NKI.1-specific mAb clone, as previously
suggested.” To assess the presence of M2 macrophages in
the adipose tissue, we used the CD206 marker as already
reported by others,’® using the gating strategy shown in

© 2015 John Wiley & Sons Ltd, Immunology, 145, 242-257
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Fig. 3(c). We observed an increase in the number of M2-
type macrophages, defined as CD206" F4/80" cells, in the
VAT and of CD206~ F4/80" cells, presumably M1 macro-
phages, in the VAT and SAT of the 7-day-infected mice
(Fig. 3d). As GAT was the one presenting the higher fre-
quency of macrophages in the SVF we evaluated therein
Argl and Nos2 gene expression, which is respectively asso-
ciated with M2- and M1-type macrophages.”” As shown in
Fig. 4, higher Argl and Nos2 mRNA levels were found in
the GAT of infected mice, in accordance with the flow
cytometry analysis. Nevertheless, the frequency of M2-type
macrophages was lower in these mice (Fig. 3d). Interest-
ingly, up-regulation of F4/80 was observed in GAT, MAT
and SAT CD206" cells and in GAT and SAT CD206" cells
at this time-point (Fig. 3d). Two months after infection,
no differences were found between infected and control
groups in the numbers of macrophages in the different
types of adipose tissue (Fig. 3e). A marginal decrease in
the frequency of CD206" cells with up-regulated F4/80
surface expression in the MAT of infected mice was
observed (Fig. 3e). Altogether, the above results show that
the macrophage infiltration observed at early times after
parasitic infection subsides with time.

Thl cells are present at high numbers in the adipose
tissue of N. caninum infected mice

T-bet is a well-known transcription factor regulating
T helper 1 (Thl) cell lineage commitment.”® As the
Thl-type immune response is fundamental to achieve
protection against acute N. caninum infection, we evalu-
ated whether CD4" T-bet" cells could participate in the
local immune response in the adipose tissue. As T-bet is
not exclusively expressed by CD4" T cells,”® we defined
Thl cells as CD4" CD3* NKI1.1~ Foxp3~ T-bet"
(Fig. 5a). A previous report has shown that conventional
T cells present in epididymal fat pads express high levels
of T-bet transcripts and abundant intracellular interferon-
7 (IFN-7).*' Accordingly we observed a high frequency of
T-bet" CD4" cells not only in GAT but also in MAT,
OAT and SAT of control animals while MLN presented
few T-bet" cells (Fig. 5b,c). An increase in the frequencies
(Fig. 5b) and numbers (see Supporting information, Fig.
S2a) of Thl cells was observed after 7 days upon infec-
tion in all types of adipose tissue analysed except for
OAT where increased numbers but not proportions of
these cells were detected. In accordance, increased expres-
sion of IFN-y mRNA was observed in the GAT, 7 days
after infection (Fig. 4). By 2 months of infection,
increased numbers of Thl cells could still be observed in
all adipose tissues analysed whereas a slight increase in
their frequency was only detected in the MAT and SAT
(Fig. 5¢ and Fig. S2b). These results taken together indi-
cate that, a Thl-type immune response is mounted in the
adipose tissue during N. caninum infection, probably
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contributing to local parasite elimination. In order to fur-
ther investigate whether an intact IL-12/IFN-y axis is
important for parasite clearance in the adipose tissue,
p40~'~ mice, which are highly susceptible to acute neo-
sporosis,'” were i.p. infected with N. caninum and their
VAT and SAT examined by immunohistochemistry. In
contrast to wild-type mice, parasitic forms were abun-
dantly observed in VAT (Fig. 6a), where parasites could
be observed closely associated with adipocytes (Fig. 6b).
Parasites were also detectable in SAT by 7 days of infec-
tion (Fig. 6a). These results further suggest that an intact
Thl-type immune response driven by IL-12 was protec-
tive in the adipose tissue.

Regulatory T cells in the adipose tissue of
N. caninum-infected mice

In previous works we showed that mice infected with
N. caninum had increased numbers of splenic
Foxp3™ CD25" CD4" cells.'®*® As a population of regula-
tory T (Treg) cells with a distinct gene expression profile
and important for the control of inflammation was
described in the abdominal adipose tissue of lean mice,?"’
we also assessed Treg cells in this tissue upon N. caninum
infection. By immunohistochemistry, Foxp3" cells were
rarely observed in the different adipose tissue depots analy-
sed in control mice, except in OAT where Foxp3™ cells were
readily observed in the milky spots. Seven days after infec-
tion an increase in Foxp3' cell numbers was readily
observed in all VAT and SAT samples analysed (see Sup-
porting information, Fig. S3). VAT Treg cells have been
described as having high IL-10 transcript levels.”' As we
observed increased numbers of Foxp3™ cells we determined
IL-10 mRNA levels in the GAT of infected mice. A slight
increase of IL-10 mRNA levels was observed in infected
mice comparative to sham-infected controls when Nono
was used as reference gene (Fig. 4). However, no such
increase was observed when using the Hprt gene for nor-
malization. Therefore, the elevated II10 gene transcription
observed in the infected mice probably reflects a marginal
phenomenon. Flow cytometric analysis showed that the
increase in Foxp3™ cells observed 7 days after infection in

Adipose tissue immunity to N. caninum

the VAT and SAT, was due to both Foxp3" CD25" and
Foxp3" CD25 cells (Fig. S2a). However, conventional
CD4" T cells, defined here as Foxp3~, were also found in
increased numbers upon infection, explaining the
decreased frequency of Foxp3* CD25" CD4" cells within
total CD4" cells observed in the GAT, OAT and SAT and
of Foxp3™ CD25~ CD4" Treg cells in all types of adipose
tissue analysed (Fig. 5b and Fig. S2a). Two months after
infection a decreased frequency of Foxp3" CD25" CD4"
cells could still be observed in the MAT and SAT and of
Foxp3" CD25~ CD4" in the MAT of N. caninum-chal-
lenged mice (Fig. 5¢). No comparative alteration in their
respective frequencies was observed in the MLN of infected
mice and controls at any time-point analysed (Fig. 5b,c).
Treg cells were still rarely detected in the IMAT of N. cani-
num-challenged mice at any of the-time points assessed
(Fig. S3).

A population of Treg cells expressing the transcription
factor T-bet, specialized in regulating Thl cells, was
described during type 1 inflammation.”® Accordingly,
accompanying the increase in Thl cells we also observed
increased numbers of Foxp3" T-bet" cells in all adipose
tissue samples analysed, and of their frequency in the
MAT, 7 days after infection (Fig. S2a,b and Fig. 5b).
2 months after infection only slight alterations were
observed in numbers and frequencies of Foxp3" T-bet"
cells (Fig. 5¢ and Fig. S2b). Although both Thl and Treg
cells were found in increased numbers, the Th1/Treg ratio
was higher in infected mice than controls in all adipose
tissue samples analysed at 7 days and in MAT and SAT
samples 2 months after infection (Fig. 5b,c). This ratio
may explain the effectiveness of the protective immune
response, as assessed by the parasitic burden, in the adi-
pose tissue.

Adipokines serum levels

Having observed a marked alteration in the adipose tissue
immune cell composition upon infection, we determined
whether the production of adipokines could also be
affected. As shown in Fig. 7(a), a significant increase of
leptin serum levels was detected at 21 days and more

Figure 2. Increased F4/80-stained area in the adipose tissue of Neospora caninum-infected mice. (a) Representative immunohistochemistry analy-
sis of F4/80 in gonadal adipose tissue (GAT), mesenteric adipose tissue (MAT), omental adipose tissue (OAT), subcutaneous adipose tissue
(SAT) and intramuscular adipose tissue (IMAT) from wild-type C57BL/6 mice 7 days after intraperitoneal administration of 1 x 10" N. caninum
tachyzoites (NcT) or PBS. Adipose tissue was specifically stained (brown coloration) with a monoclonal anti-mouse F4/80 antibody and counter-
stained with haematoxylin. (b) Frequency of stained area of analysed adipose tissue depots at 7 days and 2 months after challenge. Each symbol
represents an individual mouse. Horizontal lines represent the mean values of the respective group. These are pooled results from three (7 days)
or two (2 months) independent experiments. Statistically significant differences between different experimental groups are indicated (Mann—
Whitney U-test, **P < 0-01; ***P < 0-001; ****P < 0-0001). Immunohistochemistry analysis of F4/80 in stromal vascular fraction cells isolated
from the GAT of infected C57BL/6 mice, killed 7 days after the parasitic challenge. Cells were specifically stained (brown coloration) with a
monoclonal rat IgG2a anti-mouse F4/80 antibody and counterstained with haematoxylin. Cells with morphology compatible with macrophages
(c) and polymorphonuclear cells (d) are observed. I.C. (Cells stained with Isotype Control, Rat IgG2a). Bar = 100 um in all micrographs but
IMAT where bar = 50 pm.

© 2015 John Wiley & Sons Ltd, Immunology, 145, 242-257 249
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Figure 3. Increased macrophage numbers in the adipose tissue of Neospora caninum-infected mice. (a) Flow cytometry gating strategy used to
define macrophages in the stromal vascular fraction (SVF) of the different depots of adipose tissue analysed. Dead cells were excluded with Fix-
able Viability Dye (FVD) and Singlets were then selected from FSC-A versus FSC-H dot plot. Macrophages were defined as F4/80"" autofluores-
cence™", The fluorescence minus one (FMO) control is also shown. Dot plots are representative examples with SVF cells isolated from gonadal
adipose tissue (GAT). (b) Hemacolor staining of sorted F4/80M#" autofluorescence™®" and F4/80'°" SVF cells, as indicated, from GAT of mice
7 days after intraperitoneal administration of 1 x 107 N. caninum tachyzoites. Bar = 20 um in all micrographs (c) Representative zebra plots of
CD206" F4/80" and CD206~ F4/80" SVF cells gated in F4/80"" autofluorescence™®" cells from of GAT of mice 7 days after parasitic challenge
(NcT) or PBS (PBS). Respective isotype controls are shown. Numbers of CD206" F4/80" or CD206~ F4/80" cells per gram of adipose tissue or
frequencies of the same cell populations in F4/80" cells in the gonadal adipose tissue (GAT), mesenteric adipose tissue (MAT), omental adipose
tissue (OAT) and subcutaneous adipose tissue (SAT) at (d) 7 days and (e) 2 months after intraperitoneal challenge with 1 x 10” N. caninum
tachyzoites (NcT) or PBS, as indicated. Mean fluorescence intensity (MFI) for F4/80 is also presented in the respective population of macro-
phages. Bars represent mean plus one SD of six to nine mice per group pooled from 3 (7 days) or 2 (2 months) independent experiments.
(Mann—Whitney U-test, *P < 0-05; **P < 0-01; ***P < 0-001; ****P < 0-0001).
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Figure 4. Increased expression of M1 and M2 macrophage markers in the adipose tissue of infected mice. Relative levels of arginase (Argl), nitric
oxide synthase 2, inducible (Nos2), interferon-y (Ifng) and interleukin 10 (I/10) mRNA, normalized to Non-POU-domain containing octamer
binding protein (Nono) mRNA, detected by real-time PCR in the stromal vascular fraction (SFV) of gonadal adipose tissue (GAT) of mice 7 days
after intraperitoneal administration of 1 x 107 Neospora caninum tachyzoites (NcT) or PBS (PBS). Each symbol represents an individual mouse.
Horizontal lines represent the mean values of the respective group (£ SD). These results are pooled from three independent experiments.
(Mann—Whitney U-test, *P < 0-05; **P < 0-01; ****P < 0-0001).

markedly 2 months after infection, but was still within
control levels at day 7. At each time-point assessed no
difference in total body weight as well as that of GAT
and of inguinal SAT (as surrogate markers of VAT and
SAT, respectively) were observed between infected and
control groups (Fig. 7b). Notwithstanding, both control
and infected mice groups were heavier at 2 months upon
the i.p. challenge (21-6 £ 0-7 and 21-5 £ 1.5 g, respec-
tively) than at the beginning of the experiment (day of
challenge, 196 = 1.2 and 19-3 & 1:1 g, control and
infected mice, respectively). Serum levels of adiponectin
were found slightly below those of controls by day 7
post-infection but did not significantly differ from those
of controls at later time points. To determine if the 10-

© 2015 John Wiley & Sons Ltd, Immunology, 145, 242-257

fold increase in leptin serum levels observed 2 months
after infection associated with hyperinsulinaemia, we
determined insulin serum levels at this time-point. Those
were found within control levels (0-48 & 0-17 and
0-48 £+ 0-11 ng/ml, for control and infected mice, respec-
tively, n = 6). To determine whether this observation was
peculiar to the route of infection used, leptin levels were
also measured in the sera of mice challenged i.g. with
N. caninum or PBS as controls. As for the i.p.-challenged
mice, ig.-infected mice also presented higher leptin
serum levels than controls (2:19 £ 0-80 versus
1-24 + 0-39 ng/ml, respectively; n =15, P =0-0317)
despite having similar GAT (0-1606 + 0-06886 versus
0-1599 + 0-0159 g, respectively; n =5, P = 0-3095) and
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Figure 5. Increased T helper type 1 (Thl)/regulatory T (Treg) cell ratio in the adipose tissue of Neospora caninum-infected mice. (a) Flow cytom-
etry analysis of Thl cells (defined as T-bet" Foxp3~ CD4" CD3" NK™) and Treg cells in stromal vascular fraction cells isolated from omental
adipose tissue. Dot plots are representative examples of gate strategy used to define Thl and Treg cells in the different depots of adipose tissue
analysed. Dead cells were excluded with Fixable Viability Dye (FVD). Percentages of T-bet" Foxp3™ cells, Foxp3" CD25" cells, Foxp3* CD25"
cells, CD25" Foxp3~ cells and Foxp3" T-bet" on total CD4" CD3" NK™ cells in the gonadal adipose tissue (GAT), mesenteric adipose tissue
(MAT), omental adipose tissue (OAT), subcutaneous adipose tissue (SAT) and mesenteric lymph nodes (MLN) from C57BL/6 mice killed 7 days
(b) and 2 months (c) after intraperitoneal challenge with 1 x 10" N. caninum tachyzoites (NcT) or PBS, as indicated. The ratio of Thl cells (T-
bet” Foxp3™ CD4") and total Treg cells (Foxp3" T-bet™ CD4") is also depicted for the different adipose tissue depots analysed. These are pooled
results from three (7 days) or two (2 months) independent experiments. Bars represent means plus one SD of six to nine animals per group.
(Mann—Whitney U-test, ¥*P < 0-05; **P < 0-01; ***P < 0-001; ****P < 0-0001).
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Figure 6. Detection of Neospora caninum in
the adipose tissue of infected interleukin-12
(IL-12)/IL-23 p40~'~ mice. (a) Representative
images showing parasitic forms in the gonadal
adipose tissue (GAT), mesenteric adipose tissue
(MAT), omental adipose tissue (OAT) and
subcutaneous adipose tissue (SAT) of p40~'~
C57BL/6 mice 7 days after intraperitoneal
administration of 5 x 10° N. caninum tach-
yzoites, detected by immunohistochemistry.
Thin sections of the indicated organs/tissues
were specific stained (brown coloration, indi-
cated by arrows) with a polyclonal serum goat
anti-N. caninum and counterstained with hae-
matoxylin. This is one representative result of
two independent experiments with three mice
per experiment. Bar = 100 pm (b) Higher
magnification of GAT and MAT showing para-
sitic forms closely associated with adipocytes
(arrow). Bar = 20 pm.

body weight (20-48 £ 0-55 versus 21-28 £ 0-44 g, respec-
tively; n =5, P = 0-0635). Moreover, no difference in
adiponectin serum levels was found between these
infected mice and controls (17-57 4 5-214 versus
13-38 + 2-202 pg/ml, respectively; n =5, P = 0-1508).
Despite the observed increase in serum leptin, no differ-
ence was detected in leptin mRNA levels in the different
adipose tissues analysed (Fig. 7c). Together these results
show that N. caninum infection leads to a sustained
increase of host serum leptin and suggest that metabolic
regulatory mechanisms may be affected in the long-term
by infection. On the other hand, since leptin was shown
to promote a Thl-type immune response,” they also hint
at a role for adipokines in promoting host resistance
against this parasite.

Discussion

In this work we show that N. caninum infects the cells of
the adipose tissue, where it is detected early in parasitic
challenge and persists for several days. This infection is

© 2015 John Wiley & Sons Ltd, Immunology, 145, 242-257

Adipose tissue immunity to N. caninum

associated with increased cellular infiltrates that were par-
ticularly abundant in OAT. Similarly, increased numbers
and size of immune aggregates in the omentum of mice
challenged i.p. with a gammaherpevirus was previously
reported.* Further characterization of the adipose tissue
showed a marked increase in F4/80-stained area, not only
located in the vicinity of the peritoneal injection (VAT),
but also in IMAT and SAT that are located more distant
from the inoculation site. This shows that the i.p. parasitic
challenge affected adipose tissue throughout the body.
The increased F4/80-stained area observed may reflect a
higher number of macrophages as well as up-
regulated surface expression of that marker, as verified by
flow cytometry analysis. Accordingly, F4/80 was previously
shown to be up-regulated in peritoneal macrophages upon
contact with N. caninum in vitro.”® Nevertheless, we can-
not exclude that polymorphonuclear cells could also be
contributing to the increased F4/80 staining. We con-
firmed, by using flow cytometry, that N. caninum infection
led to an increase in the number of macrophages found in
the adipose tissue at different anatomical locations. This
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could result from local proliferation of adipose tissue mac-
rophages, as previously shown in other conditions,*® or
from recruited blood monocy‘[es.41 Indeed, excreted/
secreted N. caninum proteins were shown to promote
recruitment of monocytes to infection loci.** An increase
in macrophages in white adipose tissue was also observed
in mice infected with Trypanosoma cruzi.’> The observed
increase in both CD206" F4/80" and CD206~ F4/80" cell
populations concomitant with increased Argl and Nos2
mRNA levels suggest that a mixed M1/M2 type macro-
phage response is elicited in the adipose tissue upon
N. caninum challenge. The increased Argl mRNA expres-
sion can be important for limitation of inflammation-asso-
ciated tissue damage but can also be promoting host
susceptibility to N. caninum by suppressing nitric oxide
(NO) production as shown for T. gondii infection.*> The
detected increased Nos2 mRNA expression could indicate
that upon the parasitic challenge, adipose tissue macro-
phages produce NO. Indeed, others have shown in vitro
that NO production by peritoneal macrophages is an
important mechanism inhibiting parasitic multiplication.*?
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Nevertheless, the role of NO in host resistance to neospo-
rosis is controversial because discrepant outcomes were
reported  for  N. caninum-infected  iINOS2-deficient
mice.”>** Using OVA-specific OT-II mice, others have
shown that adipose tissue macrophages promote CD4" T-
cell proliferation and IFN-y production.** Accordingly, we
show here that upon infection with an apicomplexa para-
site, macrophages and T-bet” CD4" T-cell numbers simul-
taneously increased in several adipose tissue depots.
Interestingly, although no increase was observed in the fre-
quency of T-bet" cells in the MLN, the surrounding mes-
enteric adipose tissue presented an increased frequency of
this cell population, still detected 2 months after infection.
This suggests that macrophages are inducing an immune
response in situ. Indeed we observed parasitic forms inside
adipose tissue SVF cells with macrophage morphology,
and parasite DNA was detected in sorted GAT macrophag-
es. In vitro studies have shown that bovine monocyte-
derived macrophages infected with N. caninum promote
IFN-y production by T cells®* and supernatants of co-cul-
tures of purified splenic naive T cells with peritoneal

© 2015 John Wiley & Sons Ltd, Immunology, 145, 242-257



CD11b" cells stimulated with N. caninum antigen extracts
have increased levels of IFN-7.*° As we have observed
increased numbers of macrophages in the GAT associated
with increased IFN-y mRNA expression, we hypothesize
that adipose tissue macrophages infected in vivo with
N. caninum are inducing IFN-y production by adipose tis-
sue T cells. Resistance to neosporosis has been associated
with Thl-type immune responses.*” The increased num-
bers of T-bet" CD4" T cells in the adipose tissue, associ-
ated with the fact that 2 months after infection parasitic
DNA was no longer detected therein, suggest that a protec-
tive immune response was locally elicited. Moreover, IL-
12/IL-23 p40~'~ mice presented abundant parasitic coloni-
zation in the VAT. This probably results from the compro-
mised IL-12/IFN-y axis rather than from defective Th17
differentiation, as a previous study found no evidence of
increased IL-17 production in mice infected with this par-
asite.”® Treg cells are important for the control of excessive
inflammation in the adipose tissue">” and, more gener-
ally, of exacerbated immune responses that could be harm-
ful to the host."® Therefore the observed increase in Treg
cell number could be important to tone down the immune
response in the adipose tissue. This would be in agreement
with the slight increase in IL-10 mRNA observed upon
infection in the GAT. However, M2 macrophages can also
explain the higher IL-10 gene transcription detected,
because these cells were also present in higher amounts
upon infection. Moreover, we also observed increased
numbers of Foxp3" T-bet" cells that have been shown to
control Thl type cells.”® However, the increased Th1/Treg
cell ratio probably reflects the clonal expansion of conven-
tional CD4" T cells in the ongoing immune response to
infection. This increased ratio was still observed 2 months
after infection in MAT and SAT, suggesting that the
inflammatory response in these tissues is maintained
months into infection. This is further suggested by the
lower frequency of CD206" macrophages observed at that
time-point in the MAT. Nevertheless, additional studies
will be necessary to more comprehensively define inflam-
matory populations. Interestingly, our results suggest that
adipose tissue from different anatomical locations may be
differently affected in the long term, as shown by the sus-
tained higher Th1/Treg cell ratio observed only in MAT
and SAT. Surprisingly, a 10-fold increase in serum leptin
levels was detected by 2 months after infection, also sug-
gesting a long-term effect of the parasitic challenge in the
adipose tissue. Leptin is an adiposity signal that acts in the
brain to reduce food intake*>*” and is mainly produced by
adipocytes.”’ In mouse models of diet-induced obesity,
higher levels of leptin are observed in heavier mice.”*>’
Here we observed in the infected mice, serum leptin levels
that can be as high as those previously reported in female
C57BL/6 mice with diet-induced obesity.””>* Nevertheless,
this was without detected differences in body weight
between control and infected mice groups at each assessed

© 2015 John Wiley & Sons Ltd, Immunology, 145, 242-257
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time point. As leptin production by adipose tissue can be
stimulated by insulin,” which is also a physiological signal
of adiposity, we assessed whether serum insulin levels also
increased. This was not confirmed, rendering the likeli-
hood of insulin being the mechanism by which leptin was
induced improbable. Furthermore, the absence of differ-
ences in body weight, body fat distribution and insulin lev-
els, suggests that leptin increase after the infection is not
primarily related to the hormone role in energy balance
regulation. Despite the detected rise in serum leptin, no
increased leptin mRNA levels were found in the different
adipose tissues analysed. This may indicate that leptin
secretion by adipocytes or plasma clearance could be
affected. Increased serum leptin without increased mRNA
levels was previously reported in another murine model.”
Alternatively, other tissues could be contributing to the
adipokine serum increase. Skeletal muscle and gastric
mucosa have been shown to produce leptin®*”” and there-
fore a contribution of these tissues to serum leptin levels
cannot be excluded, in particular since the former is a
known place for N. caninum persistence in the host.>® Lep-
tin also has important effects in both innate and adaptive
immunity,”' namely by promoting Thl responses® and
negatively regulating Treg cell proliferation.”® Therefore
the elevated serum leptin observed in the infected mice
may contribute to the lower frequencies of Treg and
increased Th1 cells observed in the adipose tissue indepen-
dently of the presence of parasites. Interestingly, a positive
association between seropositivity for T. gondii and obesity
has recently been reported® and plasma leptin levels were
also increased in the serum of T. gondii-infected rats.'
Our results add evidence in that apicomplexa parasites are
able to affect metabolic parameters. Infection by Trypano-
soma cruzi has also been shown to affect metabolic param-
eters, as serum leptin levels were found below normal
levels in 1-month-infected mice without body weight alter-
ations.”® Overall, we show here that a challenge with an
apicomplexa parasite contributes to a long-term inflam-
matory state in the adipose tissue even when parasites were
no longer detected therein, providing compelling evidence
that infection can have important long-term consequences
in the adipose tissue physiology of non-obese hosts.
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