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Introduction

Abstract

Objective: To investigate the effects of leptin on different T-cell populations,
in order to gain more insight into the link between leptin and obesity. Meth-
ods: Three hundred and nine RRMS patients and 322 controls participated in a
cross-sectional survey, to confirm whether excess weight/obesity in adolescence
or early adulthood increased the risk of MS. Serum leptin levels were deter-
mined by ELISA. MBPg;3 ¢, and MOGgs_g; peptide-specific T cells lines were
expanded from peripheral blood mononuclear cells. Leptin receptor expression
was measured by RT-PCR and flow cytometry. Bcl-2, p-STAT3, pERK1/2, and
p27"P! expression were assayed using ELISA, and apoptosis induction was
determined by Annexin V detection. Cytokines were assessed by ELISPOT and
ELISA, and regulatory T cells (Tregs) by flow cytometry. Results: Logistic
regression analysis, showed excess weight at age 15, and obesity at 20 years of
age increased MS risk (OR = 2.16, P = 0.01 and OR = 3.9, P = 0.01). Leptin
levels correlated with BMI in both groups. The addition of Leptin increased
autoreactive T-cell proliferation, reduced apoptosis induction, and promoted
proinflammatory cytokine secretion. Obese patients produced more proinflam-
matory cytokines compared to overweight/normal/underweight subjects. Inverse
correlation was found between leptin levels and circulating Treg cells
(r=-0.97, P < 0.0001). Leptin inhibited Treg proliferation. Effects of leptin
on CD4*CD257 effector T cells were mediated by increased STAT3 and ERK1/2
phosphorylation, and down modulation of the cell cycle inhibitor P275P'. In
contrast, leptin effects on Tregs resulted from decreased phosphorylation of
ERK1/2 and upregulation of p27“P'. Interpretation: Leptin promotes autoreac-
tive T-cell proliferation and proinflammatory cytokine secretion, but inhibits
Treg-cell proliferation.

dramatically increased in recent decades as a result of
more sedentary habits and changes in dietary trends.”

Multiple Sclerosis (MS) is a chronic inflammatory disease
of the central nervous system (CNS) leading to demyeli-
nation, and neurodegeneration. Although its pathogenesis
is not yet fully understood, there is considerable evidence
to suggest that MS arises from complex interactions
between genetic susceptibility and environmental fac-
tors.' In recent decades, population-based studies indi-
cate a significance increase in prevalence and incidence of
MS worldwide, particularly in females.*® Given the short
time over which these changes have occurred, an increase
in MS prevalence cannot be explained by genetic factors
alone, highlighting the role of environment and lifestyle-
related factors. The prevalence of obesity has also

This synchronous rise in prevalence of both MS and obe-
sity has led to a search for possible biological mechanisms
underlying the association. Prospective as well as case—
control studies have already shown a link between
increased body mass index (BMI) in childhood and ado-
lescence and higher risk of developing MS.*™"!

Obesity induces a chronic low-grade inflammatory state
characterized by altered secretion of adipokines, and sys-
temic polarization of innate and adaptive immune cells.
Notably, a large number of studies have established a sig-
nificant correlation between obesity and higher preva-
lence, or worse prognosis, of several immune-mediated
conditions including: rheumatoid arthritis, systemic lupus
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erythematosus, inflammatory bowel diseases, type-1-dia-
betes, psoriasis, and MS.12

Leptin is the forerunner and best-characterized member
of the adipokine family. Encoded by the LEP gene (hu-
man homolog of murine ob gene), leptin is mainly pro-
duced by adipocytes, making levels mostly dependent on
BMI. Its physiological activity is exerted through a mem-
ber of the class I cytokine receptor family (LEPR or Ob-
R)," The receptor plays a critical role in regulating body
weight through inhibition of food intake and energy con-
sumption increase, by inducing anorexigenic factors and
suppressing orexigenic neuropeptides in the hypothala-
mus.'*"® However, leptin is also involved in the regula-
tion of autoimmune and inflammatory processes,
suggesting a link between metabolism and immune
response.' !’

This study evaluates the effects of leptin on myelin-
specific T cells and regulatory T cells, in an attempt to
gain further insight into the mechanisms linking obesity
and MS.

Methods

Patient selection and study design

In the initial phase of the study, 309 patients with the
diagnosis of clinically definite relapsing-remitting MS
according to the 2010 McDonald criteria,'® regularly fol-
lowed at a referral tertiary center in Buenos Aires, Argen-
tina, were invited to participate in a cross-sectional survey
to examine whether excess weight or obesity in adoles-
cence, or adulthood were associated with increased risk of
MS. Patients received an online or printed survey and
were required to provide information on their height and
weight at 15 and at 20 years of age, as well as at the time
of enrollment in the study. Participants who were over-
weight or obese in adolescence or as adults were identi-
fied based on BMI, calculated as weight (in kilograms)
divided by height (in meters squared). Three hundred
and twenty-two age and gender-matched healthy controls
also provided biometric data, from which BMI was esti-
mated. Patients were categorized according to WHO defi-
nition of BMI' as follows: underweight < 18.5 kg/m?;
normal weight 18.5 to <25 kg/m?% overweight 25.0 to
<30 kg/m?* and obese > 30 kg/m>.

In addition, patients were asked to select the body type
(of 9 male or female silhouettes from the Stunkard’s fig-
ure rating scale)®® that best resembled their own at 15
and at 20 years of age. Demographic characteristics of MS
patients and controls for different weight categories are
summarized in Table 1.

Because leptin levels strongly correlate with both BMI
and total fat,”' and because individuals with established
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Table 1. Demographic characteristics of MS patients and controls for
different weight categories.

Normal/

underweight Overweight  Obesity Total

MS patients
Cases (n) 162 90 57 309
Number women 140 53 36 229
Age (years)® 39+ 11 444 £ 11 432+ 11 41+ 11
Smokers (%) 47 46 57 49
EDSSP (median) 1 (0-7.5) 1 (0-6) 2(0-3.5) 1(0-7.5)
Controls
Cases (n) 145 108 69 322
Number women 126 71 50 247
Age (years)® 41 + 12 42 + 12 492 4+ 12 414+ 12
Smokers (%) 36 38 40 36

%Values are expressed as mean =+ SD.
PExpanded Disability Status Scale.

MS have been shown to have elevated leptin levels,” we
analyzed the impact of leptin on T-cell function. Ninety
patients with clinically definite relapsing-remitting MS
according to McDonald criteria 2010'® and normal weight
(18.5 to <25 kg/mz) were studied during remission. None
had received steroids, or dietary supplements for at least
6 months prior to study entry, and all were naive to
treatment with disease-modifying therapies (DMT). All
patients lived in the city of Buenos Aires (latitude 34°S,
longitude 58°W). Ninety healthy individuals, selected to
match patients with respect to place of residence, race/
ethnicity, age, and gender, not taking any regular medica-
tion, or dietary supplements, served as controls. Thor-
ough clinical and neurological examination as well as
standard chemical and hematological laboratory examina-
tions ruled out the presence of underlying disorders in all
subjects. Demographic and clinical characteristics of
patients included in this second part of the study as well
as of control subjects are shown in Table 2.

The study protocol was approved by the Institutional
Ethics Committee and written informed consent was
obtained from all participants.

Table 2. Demographic and clinical characteristics of the study popu-
lation.

Characteristics MS patients Controls
Female sex (%) 66 (73) 67 (74)
Age (years)® 39 (10) 41 (9.7)
Duration of disease (years)® 5.3 (2.80) -

EDSSP score? 2.5(1.1) -
Annual relapse rate 2 years before entry® 0.7 (0.44) -

%Values are expressed as mean =+ SD.
PExpanded Disability Status Scale.
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Determination of serum leptin levels

Serum samples were drawn between 8 and 10 am, and
leptin levels were measured using a commercially available
ELISA kit, following manufacturer instructions (R&D Sys-
tems, Minneapolis, MN). Assay sensitivity was as follows:
8 pg/mL. Intra and interassay variation coefficients were
<7% and 6.5%, respectively.

Isolation of MBP- and MOG-peptide-specific
T-cell lines

MBPg; 10, (ADPGSRPHLIRLESRDAPGR), and MOGg;_g,
(PEYRGRTELLKDAIGEGKVTLRIRN) peptide-specific
T-cell lines were expanded from peripheral blood, as previ-
ously described.”® Briefly, 5 x 10° peripheral blood
mononuclear cells (PBMC) were isolated from heparinized
peripheral blood by Ficoll/Hypaque (Sigma-Aldrich, St
Louis, MO) density gradient. To establish MBP- and
MOG-peptide-specific T-cell lines, PBMCs were resus-
pended in complete culture medium (RPMI 1640 contain-
ing 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 ug/mL
streptomycin, all from JRH Biosciences) and 5% heat-inac-
tivated fetal bovine serum (Thermo Fisher, Whaltman ,
MA), to a final concentration of 1 X 10° cells/mL, and
stimulated with optimal concentrations of synthetic
MBPg;_ 10, or MOGg;_g; peptides (10 pug/mL). Optimal
peptide concentration was determined in preliminary titra-
tion experiments. After 5-7 days, cells were expanded in
the fresh medium containing 50 U/mL of rh-IL-2 (R&D
Systems) for an additional week. Cultures were then sub-
mitted to alternating cycles of weekly restimulation and
expansion until antigen (Ag) specificity was evident in pro-
liferation assays. Restimulation was accomplished in the
presence of the specific peptide and autologous irradiated
(3000 rad) PBMCs, as antigen-presenting cells (APC),
whereas expansion occurred in the presence of 50 U/mL
rhIL-2. Cut-off value for positive response was set at stimu-
lation index > 3 (Fig. S1). Following the same protocol,
specific T-cell lines were generated by stimulation of
PBMC:s with 5 pug/mL of Tetanus toxoid (Accurate Chemi-
cals, Westbury, NY), and influenza hemagglutininsy;_319
peptide (10 ug/mL).

For specific T-helper-cell polarization, CD4* T cells were
isolated from fresh PBMCs by magnetic separation with a
CD4" isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Separation monitored by flow cytometry analy-
sis demonstrated >97% purity. For Thl differentiation,
naive CD4" T cells were stimulated with PHA (1 ug/mL;
Sigma —Aldrich) in the presence of IL-12 (2 ng/mL; BD
Biosciences, San Diego, CA), plus anti-IL-4 (100 ng/mL;
BD Biosciences). For Th17 differentiation, naive CD4 + T
cells were stimulated for 5 days (Betelli et al., Nature 2006)
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with plate-bound anti-CD3 (5 ug/mL; clone HIT3a; BD
Biosciences) and soluble anti-CD28 (1 ug/mL; clone 28.2
BD Biosciences), in the presence of TGF-B (3 ng/mL), IL-6
(20 ng/mL), and IL-23 (20 ng/mL), all from R&D Systems;
and neutralizing antibodies anti-IL4 (10 pg/mL; clone
MP4-25D2), and anti-IFN-y (10 ug/mL; clone B27), both
from BD Biosciences. Cultures were supplemented with
rh-IL-2 (50 U/mL; R&D Systems) on days 2 and 4.

Jurkat T leukemia cells (American Type Cell Culture:
TIB-152, Manassas, VA) were cultured in RPMI-1640
medium, supplemented with 25 mmol/L HEPES, 2 nmol/
L r-glutamine, 100 U/mL penicillin, 100 pg/mL strepto-
mycin (all from JRH Bioscience), and 10% heat-inacti-
vated fetal bovine serum (Thermo Fisher).

Proliferation assays

Antigen-specific proliferation assays were performed as pre-
viously described.?® Briefly, T-cell lines were tested 10 days
after the last addition of antigen and feeder cells, in a 60-h
assay measuring “H-thymidine incorporation. T cells were
cultured at a density of 5 x 10* cells/well in the presence of
5 x 10°> adherent irradiated autologous PBMC (3000 rad)
as source of Ag-presenting cells and 10 ug/mL of specific
peptide, in the presence or absence of recombinant human
leptin (250 ug/mL; Sigma-Aldrich). Tetanus toxoid (5 ug/
mL), MBP ;,5 (10 ug/mL), and influenza hemagglu-
tining;_319 (10 ug/mL) peptides were used as control Ags,
and optimal concentrations were determined in preliminary
experiments. Twelve hours before harvesting, 1 uCi of *H-
thymidine (ICN Biomedical, Irvine, CA) was added to each
well. Cells were harvested on glass fiber filters Whatman,
Maidstone, UK) using an automated cell harvester, and H-
thymidine incorporation measured in a scintillation counter
(Pharmacia LKB Biotechnology Inc, Gaithersburg, MD).
Results are expressed as the mean of triplicate cul-
tures = SEM. For blocking experiments human leptin
receptor polyclonal antibody (MyBioSource, San Diego CA)
was used at a final concentration of 20 ug/mL; control was
an irrelevant isotype-matched antibody (R&D Systems).

Real-time quantitative reverse transcriptase
polymerase chain reaction analysis

For quantitative assessment of relative mRNA levels, total
RNA was prepared using TRIzol LS reagent (Invitrogen,
Carlsbad, CA), following manufacturer instructions. RNA
was reverse transcribed using an M-MLV RT reverse tran-
scription kit with random hexamer primers (Invitrogen).
Relative levels of leptin receptor mRNA were determined
by real-time polymerase chain reaction using an ABI 7000
sequence detection system (Applied Biosystems, Foster
City, CA), under the following conditions: initial
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denaturation for 10 min at 95°C, followed by 40 denatu-
ration amplification cycles at 95°C for 15 sec, annealing
at 67°C for 15 sec, and extension at 72°C for 60 sec, fol-
lowed by an additional extension (72°C for 5 min).
Values obtained were normalized to the amount of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as
the control housekeeping gene. To confirm product
specificity, melting curves were performed to verify that
only the specific products were synthesized, and to
exclude the formation of primer dimers. Primer sequences
used to generate a product specific for the long form
(Ob-Rb) of the human leptin receptor (nucleotide
position 2831-3719) were as follows: forward 5’AATT
GTTCCTGGGCACAAGG-3’, reverse 5’CACAATCTGAAG
GTTTCTTC-3’, and for GAPDH: forward 5-GAAGGT
GAAGTCGGAGTC-3, reverse 5-GAAGATGGTGATGG
GATTTC-3.

Small interfering RNA technique

Leptin receptor (Ob-Rb) was silenced using the small
interfering RNA (siRNA) technique.* Fifty thousand
MBPg;_10, peptide-specific T cells were transfected with
50 nmol/L of siRNA (Ob-R siRNA (h) sc-36116, Santa
Cruz, CA, USA), or with a scrambled siRNA containing a
random sequence as a negative control (Silencer®, Select
Negative Control No 2, Thermo Fisher), using Opti-
MEM media and Lipofectamine 2000 transfection reagent
(both from Thermo Fisher) according to manufacturer
protocol. Three days after posttransfection, RT-PCR and
flow cytometry showed no leptin receptor expression.

Obesity and Leptin

FlowJo software (Tree Star, Ashland, OR). Cells were
gated according to forward and side-light scattering prop-
erties, including small lymphocytes and lymphoblasts as
well as monocytes, and excluding red cells and debris. T
cells, B cells, and monocytes were gated according to for-
ward and side light-scattering properties versus CD3%,
CD19%, and CD14™ cells, respectively. At least 5000 events
were counted for each cell population. Specific leptin
receptor immunoreactivity was calculated in each cell
population by subtracting the isotype control mAb signal,
from specific mAb staining. Cell analysis was performed
with the CellQuest® program (Becton Dickinson). Results
are expressed as mean fluorescence intensity (MFI), as an
indicator of leptin receptor density (CD295) per cell. Cell
viability was assessed both by changes in forward and
side-light scattering properties, and by propidium iodide
staining.

Apoptosis measurement

Three days after Ag stimulation, 5 x 10> MBP-peptide-
specific T cells were cultured for 24 h in serum-free med-
ium (OpTmizer; Thermo Fisher) in the presence and
absence of leptin (2.5-2500 ng/mL, usually 250 ng) for
the indicated times. Subsequent studies were performed
analyzing steroid-induced apoptosis. For that purpose,
cells were cultured with 107° mol/L hydrocortisone for
24 h. Apoptosis was measured using a FITC Annexin V
detection kit (BD Biosciences), following manufacturer
instructions. The percentage of apoptosis inhibition (%)
was calculated using the following formula:

Control Annexin V stained cells — Sample Annexin stained cells x 100%

Percentage of inhibition =

Flow cytometry

Peripheral blood mononuclear cells were isolated by
Ficoll'Hypaque (Sigma-Aldrich) density gradient centrifu-
gation following the standard protocol, and cell surface
molecule labeling performed, using saturating amounts of
appropriate monoclonal antibody (mAb) combinations,
including: anti-CD3-PerCp-Cy (clone UCHT-1); anti-
CD4-FITC (clone SK3); anti-CD25-APC-R700 (clone
2A3); anti-CD14-FITC (clone M@P-9); anti-CD19-FITC
(clone HIB19); and anti-CD295-Alexa-Fluor 647 (clone
52263). Anti-mouse matched isotype controls were used
to test for nonspecific binding. All mAbs were obtained
from BD Biosciences (San Jose, CA). Samples were
acquired with a LSRIII flow cytometer (BD Biosciences),
using BD FACSDiva ' software, and analyzed with

Control Annexin V stained cells

Where control Annexin V-stained cells represent cells cul-
tured in the absence of leptin. The ECs, value is the con-
centration of leptin causing 50% inhibition of cell death,
averaged from 5 experiments, and obtained by plotting
percentage of inhibition versus leptin concentration. In all
experiments, PBMC were isolated from patients with nor-
mal BMI, to make sure BMI did not affect cell respon-
siveness to leptin.

ELISA assays

Cells exposed to different experimental conditions were
centrifuged for 5 min at 1000g and at 2-8°C, supernatants
were removed and cells resuspended in PBS, at a cell con-
centration of 10° cells/mL. Cells were then washed in PBS
three times, lysed, and protein concentrations quantified
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using a total protein assay. Twenty microgram of cell
extract was used to determine Bcl-2, p-STAT3 (pY705),
p-ERK1 (T202/Y204)/ERK2 (T185/Y187), and p27"P!
expression, using commercial ELISA kits according to
manufacturer instructions, with the variant of adding
protease inhibitors (Thermo Fisher), to the lysis buffer
provided, immediately prior to use. Sample concentra-
tions were determined with standard curves after blank
subtraction. ELISA kits for Bcl-2 were purchased from
Abcam (Cambridge, MA), and ELISA kits for measuring
p-STAT3 (pY705), p-ERKI (T202/Y204)/ERK2 (T185/
Y187), and p27"P" were acquired from R&D Systems.

Quantification of cytokines secreted

The number of PBMC secreting IL-2, IL-6, IL-17, TNF-a,
and IFN-y, was assessed using commercially available kits
for single-cell resolution enzyme-linked immunospot (ELI-
SPOT) assay as described elsewhere,” following manufac-
turer instructions (R&D Systems). Briefly, 200 uL aliquots
containing 2 X 10> PBMC or MBPg; 19, and MOGg;_g7
peptide-specific T cells was added to ELISPOT plates coated
with capture Abs, specific for each cytokine tested. Cell sam-
ples were analyzed in triplicate. MBPg; 10, and MOGg; g7
peptides were added in 10 uL aliquots to a final concentra-
tion of 10 ug/mL. These Ag concentrations rendered a max-
imum of spots in preliminary experiments. The number of
IL-15 secreting cells was determined by an ELISPOT assay
developed in our laboratories using 96-well PVDF mem-
brane-bottomed plates (Sigma-Aldrich), as well as an anti-
human IL-15 capture and detection monoclonal antibody
purchased from Abcam. Cells were also applied into wells in
which either the cognate Ag or the detection antibody was
omitted, as negative controls. Wells containing 10° PBMC
or peptide-specific T cells and media only were cultured for
determination of background responses. Ovalbuminsj;_ss9
peptide (Sigma-Aldrich) at the final concentration of 20 ug/
mL was used as a nonrelevant peptide. PHA (1 ug/mL), and
each of the specific cytokines in separate wells, were used as
positive controls. The specific number of cytokine-produc-
ing cells was calculated by subtracting the numbers of spots
obtained in 0 Ag background control cultures, from the
number of spots obtained in cultures exposed to stimulating
Ag. In another set of experiments.

MBPg;_102, and MOGg;_g; peptides-specific T-cell lines
were stimulated with the cognate peptide at a final con-
centration of 10 pug/mL, in the presence or absence of
recombinant human leptin (250 ng/mL). For blocking
experiments human leptin receptor polyclonal antibody
was used at a final concentration of 20 ug/mL. A repre-
sentative example of IFN-y-positive response involving
MBPg;_10,-, and MOGg;_g;-peptide-specific T cells is
shown in Figure S2.
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Evaluation of CD4"CD25"FoxP3* regulatory
T cells

The number of CD4*CD25*FoxP3* regulatory T cells
(Treg) was evaluated by flow cytometry using a commer-
cially available Treg-cell-staining kit, following manufac-
turer instructions (Thermo Fisher). To evaluate leptin
activity on Treg cells, CD4" CD25" cells were isolated
from fresh PBMC by magnetic separation using a
CD4*CD25™" regulatory T cells isolation kit (Miltenyi Bio-
tec, Bergisch Gladbach, Germany). The separation moni-
tored by flow cytometry demonstrated >95% purity, 93%
of which expressed FoxP3. For proliferation assays, cells
were stimulated with soluble anti-CD3 (clone HIT3a; BD
Biosciences) together with anti-CD28 (clone 28.2 BD Bio-
sciences), both at 5 ug/mL concentration, in the presence
and in the absence of leptin (250 ng/mL) and rh-IL-2 (50
U/mL). Since concentrations of rh-IL-2 during human
Treg cells culture vary wildly in the literature, optimal
concentrations of both rh-IL-2 and leptin were established
in preliminary experiments. Proliferation was determined
on day 6 with [’H]-thymidine added during the
final 18 h of culture. For suppression experiments
CD4*CD25"FoxP3* Treg cells were added in variable
numbers, together with 2 x 10* T-cell-depleted irradiated
(3000 rad) accessory cells, to a constant number of autol-
ogous Thl or Th17 CD4*CD25™ effector cells (10* cells/
well) to achieve appropriate suppressor/responder ratios
(1:1, 1:3, and 1:9). Co-cultures were stimulated with sol-
uble anti-CD3 (5 pg/mL) together with anti-CD28 (5 ug/
mL), or 10 ug/mL of the cognate Ag, in the presence and
in the absence of leptin. Proliferation was evaluated by a
60-hour assay measuring *H-thymidine incorporation as
previously described. To measure IFN-y, and IL-17 pro-
duction by CD4*CD257, supernatants were removed
before [*H] thymidine addition, and analyzed using com-
mercially available ELISA kits (R&D Systems).

To study the molecular effects of leptin on
CD4*CD25"FoxP3* Tregs and CD4" CD25  effector
cells, purified cells were stimulated with antiCD3/CD28
antibodies or the cognate Ag for 12 h, after which cell
lysates were studied for expression of p-STAT3, pERK1/2,
and p27""P" using ELISA.

Statistical analysis

Statistical analysis was performed using SPSS Statistics
v23 (Armonk, NY: IBM Corp).

Differences in patient characteristics were compared
using Student’s test. Rates of categorical variables were
tested with Pearson’s Chi-Square test or Fisher’s exact
test, depending on expected frequency assumptions. A
multivariate logistic regression model was applied to
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estimate the OR of developing MS and the 95% CI for
each BMI category, using smoking as covariate. To avoid
variables overlapping, when the OR of developing MS at
the age of 20 was calculated, obesity at 15 years was used
as covariate. Age and gender were not used as covariates
because cohorts had been previously matched for these,
as mentioned. Kruskal-Wallis of one-way ANOVA, a
nonparametric test, was used to estimate differences
between more than two groups, and post hoc analysis con-
ducted using Dunn’s multiple comparison test, when
appropriate. In all cases, P values below 0.05 were consid-
ered statistically significant.

Figures were designed with GraphPad Prism version
8.0.0 for Windows (GraphPad Software, San Diego, Cali-
fornia USA, www.graphpad.com).

Results

Anthropometric parameters or body weight
(BMI) and MS risk

Between July 2013 and October 2019, 309 MS cases and
322 controls completed questionnaires for the study. As
mentioned in the Methods section, a multivariate logistic
analysis was performed using smoking and BMI at age of
15 as the independent variables to determine whether
excess weight or obesity during adolescence and early
adulthood increased the risk of MS. Results are shown in
Table 3. At age 15, overweight patients showed increased
risk of developing MS (OR = 2.16, 95% CI: 1.17-3.99,
P =0.01), and at age 20, obesity was associated with
increased risk of MS (OR = 3.90, 95% CIL: 1.38-11.1,
P =0.01). For the silhouette questionnaires, the risk of
MS was not increased in individuals who acknowledged
larger body size (87% at age 15 and 78% at age 20). This
unexpected result may be explained by body size underes-
timation in patients defined as obese based on BMI, a
finding previously reported in childhood and adolescence

by other authors.***’

Table 3. Body size and risk of Multiple Sclerosis.

MS  Control OR (95%Cl) P value

BMI at 15 years of age
Normal or underweight 140 166
Overweight 36 18
Obesity 8 6

BMI at 20 years of age®
Normal/underweight 215 250
Overweight 43 33
Obesity 18 5

1 (ref)
2.16 (1.17-3.99)  0.01
1.49 (0.5-4.44) 0.46

1 (ref)
1.46 (0.88-2.41) 0.1
3.9(1.38-11.1) 0.01

BMI, body mass index.
?Adjusted by smoking and obesity at 15 years of age.

Obesity and Leptin

Increased serum levels of leptin correlate
with higher BMI

To assess possible mechanisms through which obesity
contributes to increased MS risk, serum leptin levels were
determined in obese, overweight, and individuals with
normal BMI (90 RRMS patients and 90 healthy subjects).
Higher BMI showed a positive correlation with higher
serum leptin levels (r = 0.88, P < 0.0001), both in RRMS
patients (Fig. 1A) and in healthy subjects (data not
shown). In addition, serum leptin levels were significantly
higher in obese patients compared to overweight or nor-
mal/underweight patients (37.44 £+ 5.81 Vs.
28.06 £ 3.62 ng/mL; P < 0.0001, and 37.44 £ 5.81 wvs.
21.82 + 4.85 ng/mL; P < 0.0001, respectively). Similarly,
serum leptin levels were higher in overweight patients
compared to normal/underweight patients (28.06 + 3.62
vs. 21.82 £ 4.85 ng/mL; P < 0.01, Fig. 1B).

Leptin receptor is expressed on different
lymphocyte subpopulations

To better characterize the influence of leptin on immune
response/s, we measured expression of the long form of
the human leptin receptor (Ob-Rb) at mRNA and protein
levels, in freshly isolated and activated T cells, B cells, and
monocytes, and demonstrated that freshly isolated CD4*
CD25%, CD4*CD257, B cells, and monocytes all express
mRNA of the long form of leptin receptor. The specific
activation of each cell population significantly increased
mRNA expression (Fig. 2A). When cells were stained with
an antileptin receptor-specific antibody and analyzed by
flow cytometry, the antibody was expressed on all freshly
isolated lymphocyte subpopulations (Fig. 2B). Following
activation, leptin-receptor fluorescence intensified, sug-
gesting stimulation-induced heightened receptor density
per cell.

The protective effect of leptin on apoptosis
of autoreactive T cells

To determine the role of leptin on autoreactive T-cell sur-
vival, we investigated its effects on spontaneous apoptosis
of MBP- and MOG-peptide-specific T cells. Apoptotic cell
death was assessed after 24 h in serum-free culture med-
ium, in the presence and absence of different concentra-
tions of leptin, using an Annexin V binding assay and
flow cytometry. Leptin inhibited T-cell apoptosis in a
dose-dependent manner (Fig. 3A). Maximal inhibition of
autoreactive T-cell death was reached with 250 ng/mL;
higher concentrations caused no further effect. The ECsq
of leptin used for these experiments was~ 100 ng/mL. To
demonstrate specificity of leptin activity on inhibition of
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Figure 1. (A) Body mass index (BMI) positively correlated with serum leptin levels. (B) Serum leptin levels were higher in obese patients compared
to overweight and normal/underweight patients. Similarly, overweight patients showed increased serum leptin levels compared to normal/
underweight patients. No statistically significant differences were found when MS and control patients were compared in each subgroup. Each
circle represents values from a single individual. Data are presented as mean + SEM. Kruskal-Wallis test of one-way ANOVA and post hoc data
analysis applying Dunn’s multiple comparison test, performed to analyze differences between groups. **P < 0.01, ****P < 0.0001.
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Figure 2. Lymphocyte subpopulations were isolated from fresh PBMC by magnetic separation using specific isolation kits, and leptin receptor
expression was measured by RT-PCR (A) and flow cytometry (B). Cells were cultured (5 x 10* cells/well) in round bottom 96-well plates for 72 h and
stimulated as follows: T cells were stimulated with soluble anti-CD3 and soluble anti-CD28 (both at 5 ug/mL concentration); B cells using PMA (5 ng/
mL) plus ionomycin (1 pmol/L); and monocytes were activated with 100 ng/mL of LPS. For mRNA expression, data were normalized to the amount of
GAPDH, as a control housekeeping gene, using the Pfaffl method.®® Intra-assay precision was determined in three repeats within one LightCycler run,
and interassay variation was investigated in three different experimental runs. Variations for intertest and intratest experiments were between 5%
and 7% in all cases. Flow cytometry data were acquired as described in Material and Methods. The results are expressed as Mean Fluorescence
Intensity (MFI) of leptin receptor expression (Ob-Rb; CD295). In all lymphocyte subpopulations, activation significantly increased leptin receptor
expression compared to resting cells. Data represent the mean + SEM from 25 MS patients. *P < 0.05, **P < 0.01, ****P < 0.0001.

apoptosis, MBPg;_;o, peptide-specific T cells in which lep- Figure 3A, leptin receptor silencing abrogated inhibition
tin receptor was silenced using siRNA technique, were of apoptosis mediated by leptin. Since the long isoform
included in this assay as a negative control. As shown in of the leptin receptor is expressed on Jurkat T cells, and
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Figure 3. (A) Concentration curve of antiapoptotic effect mediated by leptin. MBPgs3_q0, peptide-specific T cells were cultured in serum-free
culture medium for 24 h, in the presence and absence of different concentrations of leptin. Maximal antiapoptotic effects were seen at 250 ng/
mL. Inhibition of apoptosis was leptin dependent, since leptin receptor silencing using siRNA abrogated the leptin effect. Jurkat T cells were used
as positive control, with the maximum inhibition of apoptosis reached at concentrations significantly lower than those necessary to prevent
apoptosis in autoreactive T cells. Data represent mean values + SEM of triplicate cultures from five independent experiments. (B) Leptin decreases
apoptosis induction in MBPg3_10,, peptide-specific T cells from MS patients. Three days after Ag stimulation, autoreactive T cells were cultured for
24 h in serum-free medium, with and without leptin (250 ng/mL). Both antileptin receptor and control antibodies were added at a final
concentration of 20 ug/mL, 30 min before leptin (250 ng/mL). The antiapoptotic effect of leptin was blocked by antileptin receptor mAb, but not
modified by an isotype control antibody. MBPgs_10, peptide-specific T cells in which leptin receptor was silenced using siRNA technique were
included in this assay as a negative control. (C) Leptin at a concentration of 50 ng/mL decreases apoptosis induction in Jurkat T cells, cultured in
conditions similar to MBPg3_10, peptide-specific T cells. Data represent mean + SEM from seven different experiments performed in triplicate (D)
Leptin inhibited steroid-induced apoptosis in MBPg3_10, peptide-specific T cells. Three days after Ag stimulation, autoreactive T cells were cultured
for 24 h with 107 mol/L hydrocortisone in the presence and in the absence of leptin (250 ng/mL). As in the previous experiment, the
antiapoptotic effect of leptin was blocked by antileptin receptor mAb, but not modified by an isotype control antibody. In panels A to D,
evidence of apoptosis was evaluated by FITC-Annexin V and Pl staining and analyzed by flow cytometry. (E) Expression of the antiapoptotic
molecule Bcl-2 significantly increased in the presence of leptin. This effect was abrogated in the presence of antileptin receptor mAb, but not
modified by an isotype control antibody. (F) Leptin promoted proliferation of both MBPg3_102, and MOGg3_g7 peptide-specific T cells stimulated
with increasing concentrations of the cognate antigen. Cell proliferation was assessed by measuring 3H thymidine incorporation during the final
12 h of a 60 h culture. As in previous experiments, both antileptin receptor and control antibodies were added at a final concentration of 20 ug/
mL, 30 min before adding leptin (250 ng/mL). Data represent mean + SEM from five different experiments. For panels B, D, and E each circle
represents an individual MBPgs_10,-specific T-cell line, isolated from a total of 15 MS patients. Data represent mean + SEM. In all experiments,
PBMC were isolated from patients with normal BMI, to make sure BMI did not affect cell responsiveness to leptin. Kruskal-Wallis test of one-way
ANOVA and post hoc data analysis applying Dunn’s multiple comparison test were performed to analyze differences between groups. LEPR:
Leptin receptor; Anti LEPR ab = antileptin receptor antibody ****P < 0.0001.
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leptin promotes their survival in the absence of serum by
preventing apoptosis, these cells were included as a posi-
tive control.?® Leptin inhibited Jurkat T-cell apoptosis at
concentrations significantly lower than those required for
apoptosis inhibition of autoreactive MBPg;_;, cells (ECsq
~ 20 ng/mL Fig. 3A). We further evaluated the effect of
leptin on autoreactive T cells from a broader group of
patients. Leptin-treated (250 ng/mL) MBPg; ;0,-peptide-
specific T cells exhibited a significant decrease in the per-
centage of apoptotic cells. Antileptin receptor antibody
abrogated the survival effect of leptin when was added to
cultures 30 min before leptin (Fig. 3B). Treatment of Jur-
kat cells with 50 ng/mL of leptin showed a similar effect
(Fig. 3C). We next analyzed the effect of leptin on ster-
oid-induced apoptosis. We used hydrocortisone
107° mol/L, a concentration known to trigger apoptosis
of T cells very efficiently and cause immunosuppression.
We found that leptin significantly reduced steroid-in-
duced apoptosis in MBPg;_105, and MOGg;_g; peptide-
specific T cells. In both settings, the antiapoptotic effect
of leptin was blocked by antileptin receptor antibody, but
not modified by an isotype control antibody (Fig. 3D).
To investigate potential mechanisms accounting for the
protective effect of leptin on apoptosis of autoreactive T
cells, we quantified the expression of the antiapoptotic
protein Bcl-2. As shown in Figure 3E, when T cells were
incubated in the presence of leptin, Bcl-2 expression was
significantly increased. This effect was abrogated by antil-
eptin receptor mAb, but not modified by an isotype con-
trol antibody. Thus, overexpression of Bcl-2 induced by
leptin can lead to resistance to different apoptosis-induc-
ing stimuli. Finding leptin had antiapoptotic effects on
autoreactive T cells suggests leptin could favor autoreac-
tive T-cell activity. To study this, MBPg; j0,, and
MOGg;_g; peptide-specific T cells were stimulated with
the cognate Ag at different concentrations, in the presence
and in the absence of leptin. The addition of leptin to
cultures promoted a significant increase in the prolifera-
tive response of autoreactive T cells. This effect was abro-
gated by the addition of antileptin receptor antibody, but
not modified by an isotype control antibody, thus con-
firming a leptin-mediated effect (Fig. 3F).

Obesity promotes proinflammatory cytokine
production

We further investigated cytokines profiles in ex vivo
PBMC from obese, overweight, and normal /underweight
MS patients. To this end, cells were stimulated with
MBPg;_102, and MOGg;_g; peptides and cytokine produc-
tion assessed by ELISPOT assay. As shown in Figure 4A,
obese patients produced significantly higher numbers of
IL-2, IL-6, IL-15, IL-17, IFN-y, and TNF-a producing

M. Marrodan et al.

cells, compared to overweight and normal/underweight
MS subjects. Likewise, production of the same cytokines
was significantly higher in overweight patients compared
to normal/underweight MS patients. In a second proto-
col, MBPg;_ 19, and MOGg;_g7-peptide-specific T cells
from MS patients of normal weight were stimulated with
the cognate peptide in the presence and absence of leptin,
and the same panel of cytokines measured by ELISPOT
assay. We found a marked increase in the production
of IL-2, IL-6, IL-15, IL-17, IFN-y, and TNF-a in the
presence of leptin. These effects were blocked after the
addition of antileptin receptor antibody but were not
modified by the addition of an isotype antibody
(Fig. 4B).

Leptin modulates CD4"CD25"Foxp3™
regulatory T cells in MS

Given that regulatory T (T,cg) cells play a central role in the
control of autoimmune responses we next investigated the
link between serum leptin levels and peripheral of T,.g-cell
numbers in MS patients. Percentage of CD4"CD25*
FoxP3™ Treg cells from 90 RRMS treatment-naive patients
were compared to serum leptin levels. Regression analysis
showed an inverse correlation between serum leptin levels
and percentage of circulating Treg cells (r = —0.97,
P < 0.0001) (Fig. 5A). In vitro analysis of Treg prolifera-
tion, demonstrated Treg cells were hyporesponsive to anti-
CD3/anti-CD28 stimulation after the addition of leptin to
cultures. The addition of antileptin receptor mAb reversed
this effect and promoted Treg proliferation (Fig. 5B). Nota-
bly, the addition of exogenous IL-2 reversed Treg-cell
hyporesponsiveness to anti-CD3/anti-CD28 stimulation in
the presence of leptin (Fig. 5B). We next examined whether
CD4*CD25FoxP3* Treg cells isolated from MS patients
inhibited the proliferation of Thl and Th17 MBPg;_j¢,-,
and MOGg;_g7-peptide-specific T cells in response to anti
CD3/CD28 stimulation. The addition of Treg cells to
cultures (1:1 ratio) resulted in significant inhibition of
CD4"CD25 effector T-cell proliferation (Fig. 5C). Like-
wise, IFN-y secretion by Thl cells, and IL-17 secretion by
Th17 cells were also significantly suppressed in these
co-cultures (Fig. 5D and E). When leptin was added to
cultures, suppression mediated by Treg cells significantly
declined (Fig. 5C-E). A decrease in suppressor/responder
T-cell ratio resulted in significantly less suppression
(Fig 6A—C). Stimulation using either anti-CD3/anti-CD28
or specific Ags showed similar results.

Limited data exist concerning Ag specificity of
CD4*CD25" FoxP3* Treg cells in the regulation of autoim-
mune responses.”””® To assess the ability of
CD4"CD25"FoxP3* Treg cells from MS patients to suppress
responses to a foreign Ag, and to investigate whether leptin
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has similar effects on specific self-reactive T cells, and on non-
self-reactive T cells, influenza hemagglutinin 34, _3;o-specific
T-cell lines were co-cultured at different regulatory: respon-
der ratios as previously described for MBPg; 1, peptide-
specific T cells, and proliferation, as well as IFN-y, and
IL-17 production measured. As shown in Figure 6,
CD4*CD25%FoxP3" Treg cells exhibited significantly less
suppressor activity on influenza hemagglutinin 34;_3;9-pep-
tide-specific effector T cells (only evident at a 1:1 ratio), com-
pared with CD4*CD25~ MBPg;_;0,- peptide-specific T cells.

Obesity and Leptin

Notably, when leptin was added to cultures, suppression
mediated by Treg cells declined significantly, regardless of
antigen specificity or magnitude of inhibition observed
(Fig. 6A—C).

Effects of leptin on STAT3 and ERK1/2
pathways

Leptin appears to exert its biological function through
binding to its receptors, which in turns stimulates gene
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Figure 4. (A) Obese MS patients showed significantly higher numbers of IL-2, IL-6, IL-15, IL-17, IFN-y, and TNF-a producing cells compared to
overweight and normal/underweight MS subjects. Likewise, overweight patients showed a higher number of cytokine-producing cells compared
to normal/underweight MS patients. ** P < 0.01, ***P < 0.001, ****P < 0.0001 (B) MBPg3_10,T-cell lines isolated from normal weight MS
patients, were stimulated with the cognate peptide in the presence of leptin, significantly increased the production of IL-2, IL-6, IL-15, IL-17, IFN-
v, and TNF-a producing cells. These effects were overcome by the addition of an antileptin receptor mAb, but not modified by an isotype control
antibody. Stimulation with Ovalbumins;s 339 (20 ug/mL), as nonrelevant peptide, showed values similar to background. In all experiments,
cytokine production was assessed using ELISPOT assays. The specific number of cytokine-producing cells was calculated by subtracting the
numbers of spots obtained in 0 Ag background control cultures, from the number of spots obtained in cultures exposed to stimulating Ag. In
both panels, data correspond to the number of spots per 10° PBMC from 30 patients, and results represent mean + SEM. Kruskal-Wallis test of
one-way ANOVA and post hoc data analysis applying Dunn’s multiple comparison test were performed to analyze differences between groups.
***kP < 0.0001 Anti LEPR ab = antileptin receptor antibody.
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Figure 5. (A) Percentage of CD4*CD25% FoxP3™ Treg cells from 90 treatment-naive RRMS patients were compared to serum leptin levels.
Regression analysis showed a statistically inverse correlation between serum leptin levels and the percentage of circulating Treg cells (r = —=0.97,
P < 0.0001). (B) Fifty thousand CD4"CD25" cells isolated from fresh PBMC by magnetic separation using commercially available kits (95% purity,
93% expressing FoxP3) were stimulated with soluble anti-CD3 and anti-CD28 (BD Bisociences), both at 5 ug/mL concentration, in the presence
and in the absence of leptin (250 ng/mL). Both antileptin receptor and control isotypes antibodies were added at a final concentration of 20 ug/
mL each, 30 min before adding leptin. Proliferation was determined on day 6 with [?H]-thymidine added during the final 18 h of culture.
Proliferation of CD4*CD25*Foxp3* cells was significantly inhibited after stimulation with leptin (250 ng/mL). This effect was abrogated by the
addition of antileptin receptor mAb (LEPR-ab) but not modified by the control antibody. The addition of exogenous IL-2 (50 U/mL) reversed Treg-
cell hyporesponsiveness to anti-CD3/anti-CD28 stimulation in the presence of leptin. Each circle represents data from an individual patient
(n = 25). Data are presented as mean + SEM. (C-E) Inhibitory effects of CD4*CD25*FoxP3* Treg cells were examined in 15 RRMS patients during
remission on: proliferative response, and secretion of IFN-y, and IL-17 by Th1 and Th17 polarized MBPg3 10, peptide-specific T cells. For
proliferation assays, CD4*CD25%FoxP3* Treg cells were added together with 2 x 10% T-cell-depleted irradiated (3000 rad) accessory cells to
autologous Th1 or Th17 CD4*CD25~ MBPg3_10,-peptide-specific effector cells at a ratio 1:1 (10% cells/well). Co-cultures were stimulated with
soluble anti-CD3 (5 ug/mL) together with soluble anti-CD28 (5 ug/mL), in the presence and in the absence of leptin, and proliferation determined
in a 60-hour assay, measuring >H-thymidine incorporation. To measure IFN-y and IL-17 production by CD4*CD25" effector cells, supernatants
were removed before [H] thymidine addition, and analyzed using commercially available ELISA kits. The addition of leptin to the cultures
(250 ng/mL) abrogated the inhibitory effects mediated by CD4*CD25%FoxP3™ Treg cells. For panels C, D, and E, each circle represents values for
an individual T-cell line (mean of triplicate cultures). Data represent mean + SEM. Kruskal-Wallis test of one-way ANOVA and post hoc data
analysis applying Dunn’s multiple comparison test were performed to analyze differences between groups. Data are presented as mean + SEM.
*FHHEP < 0.0001.
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Figure 6. Mean percentage inhibition of proliferative response, as well as of IFN-y and IL-17 production by CD4*CD25Foxp3* Treg cells on
CD47CD25~ MBPg3_10>- and influenza hemagglutinin 397_319-peptide-specific effector T cells, derived from 15 RRMS during remission was
calculated. CD4*CD25%FoxP3* Treg cells were added in variable numbers together with 2 x 10% T-cell-depleted accessory cells, to a constant
number of autologous Th1 or Th17 CD4*CD25~ effector cells (10* cells/well) to achieve appropriate suppressor/responder ratios (1:1, 1:3, and
1:9). Co-cultures were stimulated with soluble anti-CD3 (5 ug/mL) together with soluble anti-CD28 (5 ug/mL) in the presence or absence of
recombinant human leptin (250 ug/mL). Proliferation assays and measurement of IFN-y and IL-17 production were performed as described in
Figure 5 and in Material and Methods. Proliferative response (A), IFN-y production (B) and IL-17 production (C) were significantly inhibited upon
the addition of CD4TCD25*FoxP3* to the CD4TCD25~ MBPgs_1q, effector T cells in a 1:1ratio. Decreasing ratios of suppressor:effector cells
(ratios 1:3 and 1:9) resulted in less suppression in all conditions examined. CD4+*CD25"FoxP3* exhibited significantly less suppressor activity on
CD4*CD25™ influenza hemagglutinin 307_379-peptide-specific effector T cells, compare with CD4*CD25~ MBPg3_10,- peptide-specific T cells. When
leptin was added to cultures, suppression mediated by Treg cells declined significantly, regardless of specific antigen. Assays were performed in
triplicate, the symbols represent mean + SEM. Percentage of CD4*CD25%FoxP3* Treg-cell inhibition in co-cultures was defined as: [1-(Treg:Teff
values/Teff values)] x 100. The Mann-Whitney test was used to evaluate differences in CD4*CD25%FoxP3* function between T-cell lines co-
cultured at different ratios, and differences in suppressor activity exerted by Treg cells on different specific T cells. ****P < 0.0001.

transcription via activation of STAT3, mitogen-activated
protein kinases (MAPK), and phosphatidylinositol 3-kinase
(PI-3K)/Akt pathways.’ > Therefore, to gain insight into
signal transduction pathways underlying leptin effects, we
evaluated p-STAT3Y’*> in response to leptin in
CD4*CD257, and CD4*CD25"Foxp3™ Treg cells. The acti-
vation of CD4"CD25~ MBPg;_;, peptide-specific T cells in
the presence of leptin, induced strong Tyr705 phosphoryla-
tion of STAT3. Incubation of cells with antileptin receptor
antibody together with leptin, abrogated the stimulatory
effect of leptin on STAT3Y”** phosphorylation (P < 0.0001;
Fig. 7A). Conversely, stimulation of CD4*CD25%FoxP3*

Treg cells by anti-CD3/anti-CD28 antibodies, in the pres-
ence and in the absences of leptin, induced comparable
amounts of p-STAT3Y"% (P < 0.0001; Fig. 7B). Previous
studies have shown that leptin also triggers phosphoryla-
tion-dependent activation of ERK1/2 pathway in CHO cells
and murine tumor cells.”>** Therefore, to evaluate whether
leptin could affect T-cell activation, we studied p-ERK1"2¥
Y204ERK2T'8Y187 expression on CD47CD25~ MBPg;_;0,
peptide-specific T cells and on CD4*CD25FoxP3* Treg
cells. Leptin, added during anti-CD3/anti-CD28 stimula-
tion, increased ERK1"2°¥Y2°Y/ERK2T'®Y!87 phosphoryla-
tion in CD4*CD25™ effector T cells (P < 0.0001; Fig. 7C).
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In contrast, stimulation of Treg cells under similar condi-
tions in the presence of leptin, induced a significant
decrease in p- ERK1T20%Y24/ERK2T'®Y!%  indicating an
anergic state (P < 0.0001; Fig. 7D). Notably, the effects
mediated by leptin were abrogated after adding anti-leptin
receptor mAb, which induced a significant increase p-
ERK1"20Y204ERK2T'8Y187 expression and reversal of
hyporesponsiveness.

STAT3 activation has been reported to regulate cell
cycle progression, through upregulation of downstream
target Cyclin D (1, 2, and 3) and downregulation of p21
and p27 expression.”’>”® We therefore analyzed the expres-
sion of the cyclin-dependent kinase inhibitor p27“"'. In
the presence of leptin, p27*"! was down modulated in
CD4*CD25 effector T cells during anti-CD3/anti-CD28
stimulation (P < 0.0001; Fig. 7E), explaining at least in
part, the increase in proliferation of these cells caused by
leptin. In contrast, expression of p27*P! was significantly
increased in Treg cells (P < 0.0001; Fig. 7F), suggesting
their contribution to cell cycle arrest of anergic Treg cells.
Because, Jurkat T cells activate tyrosine phosphorylation
of STAT3, MAPK, and PI-3K signaling pathways after
leptin stimulation, they were included as positive con-
trols.”® Leptin stimulation of Jurkat T cells significantly
increased expression of p-STAT3Y7%%, p-ERK1"2°%Y20/
ERK2T'®Y187 and dowregulation of p27"P' (Fig. S3A, D
and G), as observed in autoreactive MBP g5_;0, and MOG
63-g7 T cells (Fig. S3B, E and H). In addition, MBPg;_;0,-
peptide-specific T cells in which leptin receptor was
silenced were included as negative controls. As expected,
leptin had no effect on STAT-3, and ERK1/2 phosphory-
lation, nor on p27"%P! expression (Fig. S3C, F, and I).

Discussion

The prevalence of obesity is rapidly growing worldwide,
representing a major public health problem, fueled
mainly by sedentary habits of the modern lifestyle and
unhealthy diets. In recent years, the concept that white
adipose tissue was exclusively an energy storage site has
shifted towards recognition that it also influences endo-
crine function. Indeed, an increase in white adipose tis-
sue is known to induce a chronic, low-grade
inflammatory state with increased production of inflam-
matory cytokines and adipokines.’”” One of the most
well-studied adipokines is leptin, whose secretion is pro-
portional to adipose tissue mass and levels of which are
increased in obesity. Besides playing an important role in
energetic homeostasis, leptin exerts pleiotropic effcets on
physiological functions, including fertility, bone metabo-
lism, angiogenesis, inflammation, and is considered a key
element in the interplay between metabolism and immu-
nity.*®

M. Marrodan et al.

As previously reported,®'® we found excess weight/obe-
sity during adolescence and early adulthood were associ-
ated with an increased risk of MS (after adjusting for
smoking). Adjustment for other relevant MS risk factors
such as genetic profile, vitamin D levels, and Epstein Barr
virus antibody titers was not possible as these were not
studied in this cohort at those ages. Our study did,
however, show that leptin plays a dual role in MS
patients. On one hand, it exerts proinflammatory effects
by increasing CD4*CD25~ MBP- and MOG-peptide-
specific T-cell proliferation, promoting secretion of proin-
flammatory cytokines, as well as an antiapoptotic effect
on myelin-reactive T cells. This indicates leptin may favor
autoreactive T-cell activity. On the other hand, leptin
inhibits CD4* CD25* Treg-cell proliferation, inducing
hyporesponsiveness of these cells. We compared the
impact of leptin on underlying signaling events in
CD4*CD25™ autoreactive T cells and CD4*CD25" Treg
cells, and demonstrated marked differences in p-STAT-3,
p-ERK1/2 and p27 “P! pathways for each cell type.

In line with these observations, leptin-deficient (ob/ob)
mice are resistant to the development of both passively
and actively induced experimental autoimmune
encephalomyelitis (EAE), reverted by the administration
of exogenous leptin. Also, administration of leptin to
EAE-susceptible mice worsens the clinical course, whereas
antileptin-receptor antibodies ameliorate it.”**' Notably,
the onset of neurological symptoms following EAE induc-
tion is typically preceded by a reduction in food intake
and body weight, which are associated with a marked
increase in serum leptin levels, and leptin secretion by T
cells in active EAE brain lesions.* Likewise, in patients
with RRMS, previous studies have demonstrated that
serum and CSF leptin levels are increased, both in corre-
lation with IFN-y secretion in the CSF, and reduction of
circulating Treg cells.*’

If leptin acts as a proinflammatory mediator both dur-
ing innate and adaptive immunity,** this might help
explain the association between obesity and MS. In line
with our results, leptin-deficient ob/ob mice protected
from adoptively transferred EAE, presented progressive
decline in MOG autoreactive CD4* T-cell survival, which
was associated with significant downregulation of the sur-
vival factor Bcl-2. Exogenous leptin administration
reversed these phenomena,” indicating leptin favored
autoreactive T-cell survival. Similarly, acute starvation, a
leptin-deficient state, delayed EAE onset, and attenuated
animal symptoms.*"*> Once again, administration of lep-
tin reversed the immunosuppressive effects of acute star-
vation in these animals, preventing the decline of
lymphocytes, favoring the proliferative response of CD4*
T cells and promoting proinflammatory cytokine secre-
tion.*®*” Likewise, in humans, leptin deficiency is
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Figure 7. In panels A to F cells were stimulated with soluble anti-CD3/anti-CD28 (5 ug/mL each) during 6 h, in the presence and in the absence
of leptin (A) Stimulation of CD4*CD25~ MBPg3 0, effector T cells in the presence of leptin significantly increased p-STAT3Y7% levels. (B) In
contrast, no differences were observed in CD4*CD25"FoxP3* Treg cells under similar experimental conditions. (C) Stimulation of CD4*CD25~

MBPg3_10, effector T cells in the presence of leptin, induced a significant increase in p- ERK

1 T202/Y204/ERK 2 TT85Y187 aypression. (D) Conversely,

Treg cells stimulated under similar conditions showed a marked decrease in p- ERK1729Y204/ERK2T'8>Y187 (E-F) Using similar experimental
conditions for both CD4* CD25~ effector cells and for CD4*CD25%FoxP3* Treg cells, a marked decrease in expression of cell cycle inhibitor
p274%P! was observed in the former, whereas p27“P'was significantly increased in Treg cells. Leptin-mediated effects were abrogated by antileptin
receptor antibody, but not modified by an isotype control (20 ug/mL). Each circle represents an individual MBPg3_10,-specific T-cell line isolated
from a total of 15 MS patients. Data represent mean 4 SEM. Kruskal-Wallis test of one-way ANOVA and post hoc data analysis applying Dunn’s
multiple comparison test were performed to analyze differences between groups. Anti LEPR ab = antileptin receptor antibody. ****P < 0.0001.

associated with reduction in circulating CD4* T cells and
impaired T-cell proliferation and cytokine release, all of
which are reversed by administration of recombinant
human leptin.*®

The critical protective role of CD4"CD25" FoxP3*
Treg cells in numerous autoimmune diseases is now well
established.*” In obesity, high levels of leptin may nega-
tively influence CD4"CD25" Treg-cell expansion and
homeostatic proliferation. Cell metabolism is critical to
regulate cell fate, since distinct metabolic programs may
direct toward either effector or regulatory functions.”® At
physiological concentration leptin increases glucose
uptake by CD4*CD25" Treg cells, whereas in conditions
in which its levels rise high, it is able to significantly inhi-
bit glycolysis,” and consequently reduce the capacity of
conventional T cells to differentiate into Treg cells; effects
associated with inhibition of FoxP3 gene expression, and
its splicing variants containing the exon 2.>* Our results
are in agreement with previous studies demonstrating an
inverse correlation between leptin and Treg cells in
RRMS.* In mice, chronic deficiency of leptin, or leptin
receptor, increases Treg-cell numbers and activity, as well
as resistance to EAE induction.”® Also worthy of note,
wild-type Treg cells adoptively transferred into leptin-de-
ficient mice expand substantially more, than those trans-
ferred into wild-type animals, indicating Treg cells
proliferate better in a leptin-poor environment. Interest-
ingly, Treg cells themselves are a source of leptin, both
secreting it and expressing leptin receptors on their sur-
face (Fig. 2), which could allow leptin to mediate a nega-
tive autocrine loop in Treg cells, in the absence of
exogenous leptin. In contrast, leptin antibody inhibited
the proliferation of purified effector CD4*CD257T cells, a
phenomenon reversed by the addition of leptin.** Nota-
bly, in vivo leptin neutralization also increased Foxp3
expression in Treg cells, suggesting maintenance of their
suppressive phenotype after expansion in vivo.”> Taken
together these findings show leptin exerts opposing effects
on CD47CD25” effector and CD4*CD25" regulatory T
cells, which could explain, at least in part, how it pro-
motes inflammatory responses in obese/overweight MS
patients.

It has been widely demonstrated that quantitative and
qualitative differences in T-cell signaling may underlie the
different functional outcomes of immunological tolerance
and priming.”**> Previous studies have demonstrated that
leptin, after binding to its receptor, increases STAT-3
phosphorylation in T cells,”® with higher levels of p-
STAT-3 activity in activated T lymphocytes than in rest-
ing ones.”” Our results demonstrated that the intensity of
this activation pattern is significantly higher in
CD4*CD25 effector T cells, compared to CD4*CD25*
Treg cells. In contrast, leptin receptor/STAT-3 signaling is
significantly suppressed in leptin-resistant animals, and
during starvation.”” Both conditions have been associated
with impaired immune response, suggesting leptin may
exert its action initially through this pathway.

Although the precise molecular mechanisms underlying
the induction of hyporesponsiveness in vitro have not
been fully characterized, they have been associated with
defective coupling of the TCR in early signal events such
as activation of the ZAP-70, ERK, and JNK/STAT path-
watys.54’55 In addition, several studies have indicated that
ERK1/2 activity also contributes to regulate cell cycle
arrest in anergic cells, through downregulation of p27 in
the late G1/S phase.”®> Our results demonstrate that in
the presence of leptin, a significant increase in p-STATS3,
and  p-ERK1T2*Y20YERK2T'®Y187 s observed in
CD4"CD25~ effector T cells associated with a marked
decrease in the cell cycle inhibitor p27 “P'. Opposite
results were detected in CD4*CD25" Treg cells (Fig. 7).
Leptin neutralization can overcome the hyporesponsive-
ness of Treg cells via a degradation of p27 "', associated
with: phosphorylation of ERK1/2, entry into the G1/S
phase of the cell cycle, and induction of IL-2 gene tran-
scription. These findings are consistent with the fact that
in the presence of leptin, primed but not anergic cells
progress through the cell cycle, and that such progression
correlates with increasing levels of p-ERK1/2 and p-
STAT3.%

In addition to STAT-3 and ERK1/2, the mammalian
target of rapamycin (m-TOR) is also activated by leptin,
controlling the responsiveness of autoreactive T cell,*
and Treg-cell survival.”’ mTOR inhibition by rapamycin,
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impairs T-cell effector proliferation and cytokine secre-
tion, via early downmodulation of p-ERK1/2, increased
accumulation of p27 “P!, and consequently inhibition of
IL-2 secretion.®? Furthermore, studies have shown mTOR
is involved in Foxp3 expression®® as well as in de novo
differentiation of Treg cells.**

Other molecules involved in sensing host metabolic sta-
tus may participate in immunomodulatory activities, such
as AMPK and PPARYy, and certain current strategies used
to treat obesity-related disorders, are now known to also
downregulate immune responses. For example, our group
recently demonstrated that metformin (an AMPK agonist)
and pioglitazone (a PPARy agonist), two compounds
used in the treatment of metabolic syndrome, have bene-
ficial anti-inflammatory effects in MS patients.”?

Overall, the discovery of different pathways linking
metabolism and autoimmunity allows a better under-
standing of the relationship between MS and certain life-
style factors. Further investigations will contribute to the
development of new treatments, targeting improved
energy balance modulation and ultimately better control
over autoimmune diseases.
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Figure S1. Antigen-induced proliferation of autoreactive
MBPg;3_;0, T-cell lines derived from three different
patients. Fifty thousand T cells and 5 X 10> autologous
irradiated (3000 rad) PBMCs as source of Ag-presenting
cells, were co-cultured in media alone (Bckg) or media
containing either optimal concentrations of control Ags
or the cognate Ag (10 ug/mL). Control Ags included teta-
nus toxoid (TT; 5 ug/mL), influenza hemagglutinin 39;_319
(IH; 10 ug/mL), and a nonstimulatory fragment MBP,_,,
(10 ug/mL). Antigen-specific proliferation was examined
in a 60 h assay measuring H-thymidine incorporation.
Results are shown as the mean value of counts per min-
ute (CPM) £SEM for triplicate cultures.

Figure S2. IFN-y response to MBPg;_;, and MOGg;_g; pep-
tides in Thl polarized T-cell lines from 3 MS patients. Cell
samples were analyzed in triplicate in the IFN-y ELISPOT
assay to determine their potential to respond to Ag stimula-
tion. Each bar represents the number of spots per 10° peptide-
specific T cells obtained under the following culture condi-
tions: (1) stimulation with the specific peptide, (2) stimulation
with PHA (1 pg/mlL) as positive control, (3) stimulation with
Ovalbumins,; 339 peptide (20 ug/mL) as a nonrelevant pep-
tide, (4) cells in which either the cognate Ag or the detection
antibody was omitted, as negative controls, (5) wells contain-
ing 2 x 10° peptide-specific T cells and media only for deter-
mination of background responses. The specific number of
cytokine-producing cells was calculated by subtracting the
numbers of spots obtained in 0 Ag background control cul-
tures, from the number of spots obtained in cultures exposed
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to stimulating Ag. Data represent mean £+ SEM for triplicate
cultures. Please note the use of logarithmic scale.

Figure S3. In all panels, cells were stimulated with soluble
anti-CD3/anti-CD28 (5 pug/mL each) during 6 h, in the
presence and in the absence of leptin, and p-STAT3"7%, p-
ERK1T2°Y204ERK2T!# Y187 and p275P! expression mea-
sured using ELISA . Panels A, D, and G represent results
obtained in Jurkat cells (positive control), panels B, E, and
H represent results observed in autoreactive-MOGg;_g;-

M. Marrodan et al.

peptide-specific T cells, and panels C, F, and I represent
data obtained from MBPg;_;p,-peptide-specific T cells in
which leptin receptor was silenced, as described in material
and methods (negative control). Data represent mean +
SEM of 7 individual experiments conducted in triplicate. A
Mann-Whitney test was used to evaluate differences
between groups in the presence and in the absence of lep-
tin. W/o LEPR: Leptin receptor silenced ****P < 0.0001.
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