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Abstract

Background: Studies have reported beneficial effects of exercise training on

autoimmunity, and specifically on multiple sclerosis (MS) and experimental

autoimmune encephalomyelitis (EAE). However, it is unknown whether differ-

ent training paradigms affect disease course via shared or separate mechanisms.

Objective: To compare the effects and mechanism of immune modulation of

high intensity continuous training (HICT) versus high intensity interval train-

ing (HIIT) on systemic autoimmunity in EAE. Methods: We used the prote-

olipid protein (PLP)-induced transfer EAE model to examine training effects

on the systemic autoimmune response. Healthy mice performed HICT or HIIT

by running on a treadmill. Lymph-node (LN)-T cells from PLP-immunized

trained- versus sedentary donor mice were transferred to na€ıve recipients and

EAE clinical and pathological severity were assessed. LN cells derived from

donor trained and sedentary PLP-immunized mice were analyzed in vitro for T-

cell activation and proliferation, immune cell profiling, and cytokine mRNA

levels and cytokine secretion measurements. Results: Both HICT and HIIT

attenuated the encephalitogenicity of PLP-reactive T cells, as indicated by

reduced EAE clinical severity and inflammation and tissue pathology in the

central nervous system, following their transfer into recipient mice. HICT

caused a marked inhibition of PLP-induced T-cell proliferation without affect-

ing the T-cell profile. In contrast, HIIT did not alter T-cell proliferation, but

rather inhibited polarization of T cells into T-helper 1 and T-helper 17 autore-

active populations. Interpretation: HICT and HIIT attenuate systemic

autoimmunity and T cell encephalitogenicity by distinct immunomodulatory

mechanisms.

Introduction

Exercise training modulates various autoimmune diseases,

such as systemic lupus erythematosus, rheumatoid arthri-

tis, inflammatory bowel disease and others.1 Accordingly,

there is an increasing body of research on the beneficial

outcomes of exercise among multiple sclerosis (MS)

patients.2,3 Although the favorable effects of exercise on

general health and its immuno-modulatory effects are

well accepted,4 a thorough understanding of the immuno-

logic effects on autoimmune diseases is still lacking.

We recently demonstrated that moderate-intensity con-

tinuous training (MICT) reduced the encephalitogenicity

of autoreactive T cells and attenuated transfer experimen-

tal autoimmune encephalomyelitis (EAE), an animal

model used for the study of autoimmune-mediated dis-

ease of the central nervous system (CNS).5 We further

demonstrated that high-intensity continuous training
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(HICT) induced superior benefits in preventing autoim-

munity in EAE as compared to MICT, without increasing

susceptibility to acute bacterial infection, suggesting a pre-

served innate immune system response.6

In recent years, high intensity interval training (HIIT)

has become popular. The main advantage of HIIT over

HICT is the shorter time required to achieve similar or

superior physiological and metabolic adaptations to train-

ing.7-9 Beneficial effects of HIIT have also been docu-

mented in several autoimmune diseases, including

rheumatoid arthritis and diabetes.10-12 Several studies also

indicate that HIIT is safe and effective in improving fit-

ness in people with MS.13 However, no studies have com-

pared the clinical efficacy of HIIT and HICT on

autoimmunity, nor their mechanisms by which they

induce immune modulation.

Thus, the aim of this study was to compare the clinical

and immunologic effects of HIIT and HICT on develop-

ment of systemic autoimmune response that causes EAE.

We employed the chronic-relapsing transfer EAE model

that enabled investigation of the effects of exercise selec-

tively on the systemic immune system.

Materials and Methods

Experimental animals

Female SJL/JCrHsd mice (6-7 weeks of age) were pur-

chased from Envigo Inc, Israel. Animal experimentation

was approved by the Institutional Animal Care and Use

Committee. The studies were conducted in accordance

with the United States Public Health Service’s Policy on

Humane Care and Use of Laboratory Animals.

Experimental design

The PLP 139-151 transfer EAE model in mice was utilized

as previously described.5,6,14 This model enabled compar-

ison of the effects of HICT and HIIT on systemic autoim-

munity, as indicated by induction of lymph node (LN)-

derived T-cell encephalitogenicity (Figure 1A). Healthy

mice were subjected to one of two defined treadmill high-

intensity running paradigms, followed by immunization

with a proteolipid protein (PLP) peptide (after 5 weeks of

training). Three days after the last exercise bout, inguinal

LN-T cells were isolated, stimulated in culture with PLP

peptide and injected into na€ıve recipient mice that subse-

quently developed EAE. Recipient mice that were injected

with PLP-reactive LN-T cells from sedentary (SED) mice

served as controls. Encephalitogenicity was evaluated: 1.

in vivo by clinical and pathological severity of EAE fol-

lowing transfer of LN-T cells from HICT or HIIT versus

SED donor mice into recipient na€ıve mice; and 2. in vitro

following secondary activation of lymph node cells

(LNCs) by the PLP auto-antigen.

Treadmill exercise training

Healthy mice underwent 6 weeks of HICT or HIIT tread-

mill running, including pre- and post- training per-

formance tests on a 5-lane treadmill designed for mice

(Panlab Harvard Apparatus, USA) as previously

described.5,6 The 6 weeks of training started with 3 weeks

of an identical preparatory period in both HICT and

HIIT protocols (see Table 1). The subsequent 3 weeks

differed between the two protocols. The running speed in

HICT and HIIT protocols were based on exhaustion

speed performance tests (Table 2). HICT was defined as

70-75% of exhaustion speed, while HIIT was performed

at 85-90% of exhaustion speed. Other aspects of the HIIT

protocol (e.g., interval duration, rest speed, and duration

etc.) were based on widely used training protocols for

animals.15-17

Transfer experimental autoimmune
encephalomyelitis (EAE)

The PLP 139-151 transfer EAE model in mice was utilized

as described previously.5,6,14 EAE was developed in recipi-

ent mice, induced by a transfer of LN- T cells obtained

from HICT, HIIT or SED donor mice (Figure 1A). Recip-

ient EAE mice were assessed daily for neurological symp-

toms for up to 30 days after EAE induction.

Histopathology analyses

Twelve days after LN-T cell transfer (at the acute phase of

disease), a group of SED and HIIT EAE mice were sacri-

ficed for histopathological analysis as described previ-

ously.5,6,14 Serial paraffin-embedded transverse sections

were obtained from mid-cervical, mid-thoracic and mid-

lumbar levels of the spinal cords. Sections were stained

with hematoxylin and eosin (H&E) and Luxol fast blue

(LFB)/nuclear fast red to assess inflammation and

demyelination, respectively. Immunohistochemistry was

performed in adjacent serial sections for macrophages (rat

anti-mouse Mac3, 553322, 1:800, BD Pharmingen), T cells

(monoclonal rabbit anti–CD3, RM-9107-SO; 1:800,

Thermo-Scientific), and non-phosphorylated neurofila-

ment H (anti-mouse SMI32, NE1023, 1:2000, Cal-

biochem). For each staining, the whole white matter of

three sections per mouse were quantified, one section per

each spinal cord level. The number of immune cells in

perivascular infiltrates were counted in H&E stained sec-

tions, and reported as the total average number per

square millimeter. Mac3+ and CD3+ cells were counted
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in the perivascular infiltrates and parenchyma, and

reported as total average number of each cell type per

square millimeter. Demyelination and axonal damage

were assessed by calculating the area of LFB loss and

SMI32 protein expression, respectively. All pathology

measurements were performed by using the Image J soft-

ware analysis (ver. 1.51H, NIH, USA).

In vitro analyses of lymph node cells (LNCs)
and encephalitogenic T cells

Lymph nodes were excised from HICT, HIIT or SED

mice at 10 days after PLP immunization (Figure 3A).

LNCs were cultured as single cell suspensions with either

10 lg/mL PLP peptide, 2.5 lg/mL concanavalin A

(ConA) or no stimulation.5,6,14 LNCs at day of excision

and following 72 hours in culture were analyzed for pro-

liferation and cell profiling (using flow cytometry),

cytokine gene determination [real time-PCR (RT-PCR)]

and cytokine secretion (MAGPIX System).

In vitro activation and proliferation assays

Stimulation index (SI) was calculated as LNCs number in

the experimental group divided by LNCs number in na€ıve,

non-immunized mice. The proliferation of T cells was eval-

uated by flow cytometry analysis for bromodeoxyuridine

(BrdU) incorporation and for the incorporation of the cell

division tracking dye 5(6)-carboxyfluorescein diacetate suc-

cinimidyl ester (CFSE).5,6,14 SI was calculated as the frac-

tion of CD3+, BrdU+ cells (relative to total) in the

experimental group divided by the fraction in na€ıve, non-

immunized mice with no secondary activation. All samples

were analyzed in a Cytomics FC 500 apparatus (Beckman

Coulter, Life Science) using the CXP analysis software (ver.

2.1; Informer Technologies, Inc).

Figure 1. Superior inhibitory effect of high-intensity continuous training on the encephalitogenicity of lymph node (LN) T cell derived from

proteolipid (PLP) - immunized mice in transfer model of experimental autoimmune encephalomyelitis (EAE). (A) Experimental protocol to

investigate the effects of exercise training on the systemic immune system in transfer EAE model. Healthy mice were subjected to a 6-week high-

intensity interval training (HIIT) or high-intensity continuous training (HICT) treadmill-running. At the end of the 5th week of training, HIIT, HICT,

and sedentary (SED) mice were immunized with a PLP peptide and at the end of the 6th week their lymph nodes (LNs) were removed and

stimulated in culture with PLP peptide. Donor HIIT-, HICT-, or SED- derived encephalitogenic T cells were injected to na€ıve recipient mice, which

developed EAE and were scored daily for neurological symptoms up to 30 days post-transfer. Mice were sacrificed for central nervous system

histopathology analyses 12 days post EAE induction, at the acute phase of disease. Clinical course (B) and clinical parameters (C) of transfer EAE

in mice that received PLP- reactive LN- T cells from high-intensity interval trained (HIIT-transfer EAE, n = 12), high-intensity continuous trained

(HICT-transfer EAE, n = 8) or sedentary (SED- transfer EAE, n = 16) mice. The severity of EAE was scored on a 0–6 scale. Transfer of LN- T cells

derived from both HIIT and HICT, PLP-immunized mice to na€ıve recipients induced attenuated EAE, with better effects of HICT on the overall

severity of the disease. DOO – day of onset, MCS – maximal clinical score, BOD – burden of disease. Data are mean � SE. *P < 0.05,

**P < 0.01, ***P < 0.001, as compared to SED- transfer EAE.
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Flow cytometry for immune cells profiling

LNCs from HIIT, HICT, and SED mice were analyzed for

immune cell profiling, at day of excision or following their

activation in vitro with PLP peptide, using flow cytometry.

Triple staining with FITC-labeled anti-CD4 (eBiosciense),

APC-labeled anti-CD25 (eBiosciense) and PE-labeled anti-

FoxP3 (eBiosciense) were used to identify the fraction of reg-

ulatory CD4+, CD25+, FoxP3+ T cells. The fraction of

macrophages was calculated following staining with FITC-la-

beled anti-F4/80 (eBioscience). FITC-labeled anti-F4/80

macrophages were analyzed for M1 and M2 phenotypes fol-

lowing double staining with APC-labeled anti-inducible nitric

oxide synthase (iNOS, Invitrogen) or APC-labeled anti-

CD206 (R&D), respectively. In all flow cytometry experi-

ments, cells were pre-coated with anti–mouse CD16/CD32

(BD Pharmingen), as an Fc blocker, to block non-specific

binding. In early experiments antibodies were tested for their

specificity with an isotype control. All samples were analyzed

in a Cytomics FC 500 apparatus (Beckman Coulter, Life

Science) using the CXP analysis software (ver. 2.1; Informer

Technologies, Inc).

Cytokine gene determination

Total RNA was prepared using the RNeasy Plus Mini Kit

(QIAGEN) from LNCs that were excised from mice

10 days after PLP immunization or following an addi-

tional 72-hour stimulation in culture with PLP. cDNA

was prepared from 300 ng total RNA using qScript cDNA

Synthesis Kit (Quanta Biosciences), according to the man-

ufacturer’s instructions. Semiquantitative real-time PCR

was performed using the PerfeCTa SYBR Green FastMix,

ROX (Quanta Biosciences).

Cytokine secretion assessment

Cytokine concentrations in PLP-stimulated T-cell super-

natants were performed with MILLIPLEX� MAP mouse

high sensitivity T-cell magnetic bead panels, according to

the manufacturer’s instructions (EMD Millipore Corp.,

MO, United States). The Luminex xMAP� technology

was utilized, based on immunoassay performed on the

surface of fluorescent-coded magnetic beads MagPlex�-C

microspheres. Acquisition and data analysis were per-

formed using the Luminex analyzer (MAGPIX�) software

(Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analyses

For performance tests, the values before and after training

for each experimental group were compared using Stu-

dent’s paired t tests. When comparing >2 mean values, a

one-way analysis of variance (ANOVA) was used. If a sig-

nificant F ratio was found, then the Newman–Keuls mul-

tiple comparison test was used to identify the location of

significance. For pathology parameters the experimental

groups were compared using two-tailed Mann–Whitney

test. Data were analyzed in GraphPad Prism software v.5.

Differences were considered statistically significant at

P < 0.05. All data are presented as mean � standard

error of mean (SE).

Results

High-intensity training paradigms improve
physical performance

HIIT and HICT significantly improved both maximal

speed and exercise tolerance, whereas no significant

changes were noted in SED mice (Table 2). As expected,

the HIIT-induced improvements in running performance

were markedly greater than those induced by HICT for

maximal speed (P < 0.001) and for exercise tolerance

(P < 0.05). HIIT improved exhaustion speed and exercise

tolerance significantly more than HICT (P < 0.001 and

P < 0.01, respectively) and SED (P < 0.001 and

P < 0.001, respectively).

Table 1. High-intensity continuous and interval training programs.

1st week 2nd week 3rd week 4th week 5th week 6th week

HICT Duration per session 10 min 20 min 30 min 23 min

Speed per session 23 cm/sec 28 cm/sec 30 cm/sec

Sessions per week 5 d/w 3 d/w

HIIT Duration per session 10 min 20 min 30 min Interval Speed 34 cm/sec 36 cm/sec

Interval duration 1 min

Rest Speed 12 cm/sec

Rest duration 2 min

Speed per session 23 cm/sec Repetitions per session 5 7

Sessions per week 5 d/w Sessions per week 3 d/w

HICT, High Intensity Continuous Training; HIIT, High Intensity Interval Training; Min, minutes; cm/sec, centimeters per second; d/w, days per week.
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High-intensity training paradigms induce
systemic immune-modulation in donor mice
to attenuate the clinical course of EAE in
recipient mice

The transfer of encephalitogenic LN-T cells derived from

PLP-immunized HICT and HITT mice induced a milder

clinical course of EAE in recipient mice, as compared to

mice that received LN-T cells derived from PLP-immu-

nized SED mice (Figures 1B,C). Noteworthy is that the

mildest overall clinical course of disease occurred in the

HICT transfer group as assessed by maximal clinical score

(MCS, P < 0.05) and burden of disease (BOD, P < 0.05,

Figure 1C).

PLP-reactive LN-T cells from HIIT mice induce
less tissue damage and milder inflammation
in recipient EAE mice spinal cords

We previously showed that the transfer of encephlitogenic

T cells from HICT mice caused ~80% less neuroinflam-

mation, 65% reduction in the area of demyelination

and ~10% decrease in non-phosphorylated-neurofilament

SMI32- expressing injured axons than encephalitogenic T

cells from SED mice.6 We therefore examined whether

the attenuated disease progression induced by LN-T cells

derived from HIIT mice was also associated with reduced

tissue injury.

While SED-transfer EAE mice exhibited extensive

demyelination (Figure 2A-C), axonal injury (Figure 2D-F)

and inflammation (Figure 2G-O), tissue damage and

inflammatory process were substantially attenuated in

HIIT-transfer EAE mice. Demyelination and axonal injury

were decreased by ~60% in HIIT-treated mice (P < 0.001

and P < 0.001, respectively; Figure 2A-F). Total immune

cell infiltration and CD3+ T-cell infiltration were decreased

by ~70-75% (P < 0.01 and P < 0.001, respectively;

Figure 2G-L). An exception was in Mac3+ macrophages,

where improvement amounted to ~25% (P < 0.05,

Figure 2M-O).

Distinct effects of high-intensity continuous
versus interval exercise training on PLP-
reactive LN-T cell proliferation and cytokine
secretion

As HIIT and HICT both attenuated the encephalitogenic-

ity of PLP-immunized LN-T cells to induce neuroinflam-

mation in vivo, we investigated the effects of training

paradigms on LN-T cell properties. First, the number and

properties of freshly isolated LNCs were examined. The

high basal stimulation index in LNCs derived from PLP-

immunized SED mice was significantly attenuated by

HIIT (~ 35%, P < 0.01) and HICT (~55%, P < 0.01; Fig-

ure 3B). Furthermore, both HIIT and HICT induced large

reductions in cytokine mRNA levels in LNCs from PLP-

immunized mice (ranging from P < 0.05 to P < 0.001,

Figure 3C).

We next examined the proliferation and polarization of

PLP-immunized LN-T cells in response to in vitro stimu-

lation. To investigate the overall ability of T cells to

respond to stimuli, we studied the proliferation of T cells

derived from HIIT, HICT or SED, PLP-immunized mice

in response to the non-specific mitogen ConA (Fig-

ure 3D). Neither training paradigm affected the prolifera-

tive response of T cells to ConA stimulation in vitro

versus SED group (P > 0.05, Figure 3D). This finding

was further confirmed when similar fractions (~80%) of

T cells entered cell cycle in the three experimental groups

(P > 0.05, Figure 3E). However, HICT markedly inhibited

the proliferative response of LN-T cells to the specific

PLP autoantigen (~75%, P < 0.001, Figure 3F). Surpris-

ingly, HIIT did not affect T-cell proliferation in response

to PLP autoantigen (P > 0.05). Similar fractions of CD4+,
CD25+, FoxP3 + regulatory T cells were noted in all three

experimental groups (8-11%, P > 0.05; Figure 3G).

We further examined the effect of training on polariza-

tion into T helper (Th) cells following in vitro PLP stimu-

lation, as reflected by measuring cytokine secretion

(Figure 3H-O). Whereas HICT had no effect on cytokine

secretion (P > 0.05), compared to SED group, HIIT had

Table 2. High-intensity training programs improve performance.

SED (n = 8) HIIT (n = 5) HICT (n = 8)

Test type Pre SED period Post SED period Pre ET Post ET Pre ET Post ET

Exhaustion Speed (cm/sec) 42.5 � 1.1 43.0 � 1.3 44.4 � 0.7 53.6 � 1.4*** 43.0 � 0.7 47.2 � 0.5*

Exercise Tolerance (min:sec) 15:11 � 1:12 18:07 � 1:28 16:17 � 1:40 36:22 � 0:59*** 15:29 � 0:44 30:08 � 1:52***

SED, sedentary; HICT, High Intensity Continuous Training; HIIT, High Intensity Interval Training.

Data are represented as mean � SE.

*P < 0.05,

***P < 0.001, as compared to pre-training period.
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Figure 2. Attenuation of acute pathology in the spinal cords of experimental autoimmune encephalomyelitis (EAE) mice injected with proteolipid

(PLP)-reactive lymph node (LN) -T cells from high-intensity interval trained mice. Evaluation of demyelination (A-C), axonal damage (D-F), and

inflammation (G-O) on cross sections of the spinal cords in EAE mice that were injected with LN- T cells from control sedentary (SED- transfer

[trans] EAE; A, A1, D, D1, G, J, M; n = 6) or from high-intensity interval trained mice (HIIT- trans EAE; B, B1, E, E1, H, K, N; n = 6) mice, at

12 days post EAE induction. C, F – quantification of tissue pathology in spinal cord white matter. I - O – counts of inflammatory cell types in

spinal cord white matter. A, B – luxol fast blue (LFB) histochemistry with periodic acid schiff (PAS) counterstaining, A1, B1 – LFB histochemistry

without PAS counterstaining, dashed lines represent areas of demyelination shown in A and B, respectively; D, E – SMI32 immunohistochemistry

with hematoxylin counterstaining, D1, E1 - SMI32 immunohistochemistry without hematoxylin counterstaining, in brown SMI32+ injured axons.

LFB staining showed reduction in the area of demyelination in HIIT-transfer EAE (B, B1) versus SED-transfer EAE mice (A, A1, C). SMI32

immunostainnings showed less axonal damage (F) in HIIT-transfer EAE (E, E1) than in control SED-transfer EAE mice (D, D1). In HIIT trans- EAE

mice there was a reduction in total perivascular immune cell infiltrations (H), in CD3+ T cells (K) and non-significant reduction in

Mac3+ macrophages (N) versus SED tans-EAE mice (G, J, M, respectively). G, H: arrows – indicate perivascular infiltrates; J, K: arrows – indicate

perivascular CD3 + T cells; M, N: arrows – indicate Mac3 + macrophages. Scale bars = 100 lm. Data are mean � SE. *P < 0.05, ***P < 0.001.
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a marked inhibitory effect on interferon c (IFNc,
P < 0.01, Figure 3H), tumor necrosis factor (TNF) a
(P < 0.05, Figure 3I), IL10 (P < 0.05, Figure 3K), inter-

leukin (IL) 17A (P < 0.05, Figure 3L), granulocyte-

macrophage colony-stimulating factor (GM-CSF,

P < 0.05, Figure 3M), and IL6 (P < 0.05, Figure 3N), but

not on IL4 (P > 0.05, Figure 3J) and IL2 (P > 0.05, Fig-

ure 3O). Thus, HICT induced a marked reduction in PLP

autoreactive T cells, without changing their polarization,

whereas HIIT induced a marked reduction in the polar-

ization of PLP autoreactive T cells into Th1 and Th17

phenotype, without affecting overall T-cell proliferation.

Effects of high-intensity training on
macrophages

We then investigated the effects of high-intensity training

paradigms on LN- derived macrophages following PLP

stimulation in vitro. HICT induced a ~40% reduction in

F4/80 + macrophage fraction versus SED controls

(P < 0.05, Figure 3P), whereas HIIT induced a smaller,

nonsignificant reduction (~25%, P > 0.05) in this frac-

tion.

Finally, we examined the effect of training on M1/M2

macrophage phenotypes. Similar Arg1, CD206 and iNOS

mRNA levels (P > 0.05, Figure 3Q) and F4/80+, CD206+,
and F4/80+, iNOS + cell fractions (P > 0.05, Figure 3R)

were detected in the three experimental groups.

Discussion

The major findings of the present study are that both

HICT and HIIT inhibited the encephalitogenicity of

autoreactive T cells to induce EAE, albeit HICT is more

effective than HIIT, but that the two training paradigms

induce distinct immune-modulatory effects against

autoimmunity. Specifically, HICT induced a general

reduction in autoreactive T-cell proliferation and in

macrophage fraction, but did not affect T-helper polariza-

tion. In contrast, HIIT did not inhibit T-cell proliferation

nor macrophage fraction, but rather induced specific inhi-

bition of polarization into autoreactive Th1 and Th17

cells.

Numerous studies have confirmed the beneficial effects

of exercise training on fitness and reducing cardiovascular

disease risk factors in healthy adults, with higher intensi-

ties producing a greater increase in fitness.18,19 In the pre-

sent study, both HIIT and HICT improved physical

performance, but HIIT resulted in superior performance,

as expected with training at higher intensity. Despite this,

the beneficial effect of HIIT on clinical course of EAE was

milder than that of HICT. The training volume (distance

run) achieved with HIIT was 43% less than with HICT.

Possibly the differences in training volume contributed to

the difference in clinical outcomes between the training

paradigms. Previously, we demonstrated that at matched

training volumes, HICT provided a superior clinical out-

come compared to MICT,6 demonstrating that training

intensity is also an important factor. There is likely an

optimal intensity for affecting clinical outcome and once

that intensity is achieved, duration of training may take

on greater relevance. However, it is also possible that the

excessive metabolic stress during HIIT (e.g., augmented

cytokine response, catecholamines or ROS) may have

negated some of the benefits of training. These results

underscore the importance of identifying the mechanism

Figure 3. Distinct immuno-modulatory effects of high-intensity continuous and interval training on lymph node cells (LNCs), T cells, and

macrophages derived from proteolipid (PLP) immunized mice. A: PLP- stimulated lymph node cells (LNCs) were excised from high-intensity interval

trained (HIIT), high-intensity continuous trained (HICT), and sedentary (SED) mice at 10 days post PLP immunization and were stimulated in vitro

for 72 h with PLP peptide or concanavalinA (ConA, n = 5-8/group/experiment). B: Number of LNCs per mouse at day of LNs excision represented

by stimulation index (SI): The number of LNCs in the experimental group divided by the number of LNCs in na€ıve, non-immunized mice (n = 3).

C: Cytokine mRNA levels in LNCs at day of LNs excision for interferon (IFN)- c, tumor necrosis factor (TNF)- a, interleukin (IL)-17, IL-10 and

transforming growth factor (TGF)-b. Bromodeoxyuridine (BrdU) incorporation into CD3+ T cells at 72 h after ConA (D) or PLP (G) stimulation

in vitro, represented by SI: The fraction of CD3+ BrdU+ T cells in the experimental group divided by the fraction of CD3+ BrdU+ T cells in na€ıve,

non-immunized mice. E: 5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) labeling at 72 h after ConA stimulation in vitro. F: CD4+,

CD25+ FoxP3+ regulatory T cells at 72 h after PLP stimulation in vitro, represented as cell fraction of total T cells. H-O: protein concentrations of

IFNc (H), TNFa (I), IL-4 (J), IL-10 (K), IL17A (L), granulocyte-macrophage colony-stimulating factor (GM-CSF, M), IL-6 (N) and IL-2 (O) in

supernatants of PLP-stimulated T cell cultures from PLP-immunized HIIT, HICT and SED- mice. P: F4/80+ macrophage fractions of total LNCs at

72 h after PLP stimulation in vitro for. Q: mRNA levels of arginase (Arg)-1 and CD206 M2 macrophages phenotype markers and inducible nitric

oxidase synthase (iNOS) M1 type macrophages marker at 72 h after PLP stimulation in vitro. R: F4/80+, CD206+ M2 macrophages and F4/80+,

iNOS + M1 macrophages fractions out of total LNCs population at 72 h after PLP stimulation in vitro. In response PLP immunization: (1) HICT

induced reduction in the number of LNCs (B) and mRNA levels of cytokines (C) on day of LNs excision, and T cell proliferation (G) and number of

macrophages (P) in response to PLP stimulation in vitro. (2) HIIT induced reduction in the number of LNCs (B) and mRNA levels of cytokines (C) on

day of LNs excision, and Th1 (H, I), Th17 (L, M) and pro-inflammatory IL6 (N) cytokines secretion in response to PLP stimulation in vitro. (3)

Neither HICT nor HIIT affected the fraction of regulatory T cells (F), Th2- derived IL4 (J) and IL2 (O) cytokines secretion and macrophages

phenotype (Q, R) after 72 h of PLP stimulation in vitro. (4) Training did not affect proliferation (D) and division cycles (E) of T cells in response

ConA non-specific stimulation. Data are mean � SE. G, P: Relative expression to SED group = 1. * P < 0.05, **P < 0.01, ***P < 0.001.
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(s) whereby exercise impacts positively (as well as nega-

tively) on development of autoimmune diseases.

The results of this study demonstrated that both HICT

and HIIT reduce pro- and anti- inflammatory cytokine

gene expression by LNCs obtained from inguinal LNs

10 days after PLP immunization. However, BrdU incor-

poration assay indicated that HICT inhibited PLP-reactive

T-cell proliferation following PLP stimulation in vitro,

whereas HIIT did not, demonstrating differential

immunomodulatory effects of the training paradigms.

Macrophages are predominant inflammatory cells in EAE

that present antigens to auto-reactive T cells.20 We there-

fore examined whether the differential effects of HICT

and HIIT on PLP- reactive T-cell proliferation was related

to a decline in the macrophage population. Our results

were supportive of this effect as HICT induced a signifi-

cant reduction in macrophage fraction in LNCs from

PLP-immunized mice. The lack of a critical number of

macrophages as antigen presenting cells is likely to be

involved in the inhibitory mechanism of HICT on T- cell

proliferation in response to the PLP autoantigen.

We also examined the effects of exercise on T-cell polar-

ization. Some data suggest a beneficial role of Foxp3+ regu-

latory T cells in EAE,21 while other data suggest more

complex dynamics.22 It has been proposed that exercise

may adjust the number and function of regulatory T cells.23

In our experiments, similar fractions of CD4+, CD25+,
FoxP3+ regulatory T cells were detected in PLP- reactive T

cells obtained from HIIT, HICT, and SED mice.

A key finding was the distinct effects of HIIT and

HICT on the polarization of T cells into Th populations.

It is widely accepted that in MS and EAE, as well as in

other autoimmune diseases, IFNc-producing Th1 cells

and IL17 producing Th17 cells are pathogenic, while IL4

and IL10- producing Th2 cells are protective.24,25 EAE

studies showed the presence of both Th1 and Th17 cells

infiltrating the CNS.22,26,27 The encephalitogenicity of

both Th1 and Th17 cells depends on GM-CSF secretion,28

while blockade of GM-CSF resulted in resistance to EAE

induction.29 Human and animal studies suggest that exer-

cise training induces a shift in the Th1/Th2 balance to a

Th2 cell predominance.30,31 In the present study, in PLP-

stimulated cultures of T cells obtained from the HICT

group, cytokine secretion reached similar levels as in the

SED groups. Strikingly, in the HIIT group there were

marked decreases in Th1 and Th17 type cytokines and to

lesser extent in Th2 cytokines (only in IL10, but not in

IL4). Thus, there was a specific inhibitory effect of HIIT

on polarization into Th1 and Th17 cell populations. IL6

plays a critical role in the induction phase of EAE by

modulating Th1/Th2/ Th17 balance.32,33 We showed that

HIIT induced a marked reduction in IL6, whereas HICT

did not affect IL6 levels. This finding suggests that the

inhibitory effect of HIIT on IL6 secretion is responsible

for the decrease in Th1 and Th17 populations. Interest-

ingly, HIIT did not affect the secretion of IL4, and even

inhibited IL10 secretion, which impacts on the develop-

ment of EAE. These data suggest that the beneficial effect

of HIIT on PLP autoimmunity is not mediated through a

shift toward a Th2 response, nor enhancing protective,

anti-inflammatory processes.

The current study demonstrates that high-intensity exer-

cise training protocols modulate PLP-autoimmunity rather

than induce general immune suppression. The BrdU assay

indicates that T cells from HIIT, HICT, and SED, PLP–im-

munized mice proliferated similarly in response to ConA-

stimulation in vitro. In addition, the CFSE assay indicated

comparable fraction of cells that entered cell cycle when

stimulated with ConA. These findings indicate that HICT

and HIIT do not reduce the maximal capacity of T-cell

response to a non-specific mitogen. Finally, no differences

were measured in the secretion of IL2 cytokine by PLP-

stimulated HIIT, HICT and SED- derived T cells, providing

another indication of preserved activation potential of T

cells and no significant role of IL2 in the immuno-modula-

tory effect of high-intensity training against PLP.

In conclusion, our results show superior clinical effects

of HICT versus HIIT in EAE attenuation. Moreover the

two training paradigms modulate autoimmunity, and

hence attenuate EAE by distinct mechanisms: HICT by

decreasing T-cell proliferation, and HIIT by decreasing T-

cell polarization into deleterious Th1 and Th17 cells.

These finding may also be applicable to other autoim-

mune diseases. Future studies should focus on the molec-

ular basis for these observations. In-depth understanding

of the cellular and molecular mechanisms underlying the

beneficial effects of exercise training on EAE is essential

for designing effective clinical treatments in MS patients

and other patients with autoimmune diseases.
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