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Spermidine alleviates experimental autoimmune
encephalomyelitis through inducing inhibitory
macrophages

Q Yang1, C Zheng1, J Cao1, G Cao1, P Shou1, L Lin1, T Velletri1, M Jiang1, Q Chen1, Y Han1, F Li1, Y Wang1, W Cao*,1 and Y Shi*,1,2,3

Multiple sclerosis (MS) is a chronic and debilitating autoimmune disease, characterized by chronic inflammatory demyelination in

the nervous tissue and subsequent neurological dysfunction. Spermidine, a natural polyamine, has been shown to affect

inflammation in some experimental models. We show here that spermidine could alleviate experimental autoimmune

encephalomyelitis (EAE), a model for MS, through regulating the infiltration of CD4+ T cells and macrophages in central nervous

system. Unexpectedly, we found that spermidine treatment of MOG-specific T cells did not affect their pathogenic potency upon

adaptive transfer; however, spermidine diminished the ability of macrophages in activating MOG-specific T cells ex vivo. Depletion

of macrophages in diseased mice completely abolished the therapeutic effect of spermidine, indicating a critical role of

spermidine-activated macrophages. Mechanistically, spermidine was found to specifically suppress the expression of interleukin-

1beta (IL-1β), IL-12 and CD80 while enhance the expression of arginase 1 in macrophages. Interestingly, macrophages from

spermidine-treated mice could also reverse EAE progression, while pretreatment of those macrophages with the arginase 1

inhibitor abrogated the therapeutic effect. Therefore, our studies revealed a critical role of macrophages in spermidine-mediated

treatment on EAE and provided novel information for better management of MS.
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Multiple sclerosis (MS) is a T cell-mediated autoimmune

disease, pathologically characterized by multifocal inflamma-

tory demyelination and degeneration in the white matter of the

central nervous system (CNS).1MSmost commonly occurs in

young adults, especially those with a specific genetic back-

ground and exposed to particular non-genetic triggers, such

as virus, metabolism or environmental factors, that together

lead to a self-sustaining autoimmune disorder and subsequent

recurrent immune attacks on the CNS.2 Current therapy of MS

mainly relies on non-specific suppression of the immune

system and often results in drug resistance and severe side

effects.3 Therefore, specific mechanism-based, more effective

treatment strategies for MS still await to be developed.

Experimental autoimmune encephalomyelitis (EAE) is a

widely used animal model of MS.4 In EAE mice, pathologic

T cells are primed and expanded upon exposure to myelin

antigens that are normally sequestered inCNS. As professional

antigen-presenting cells (APCs), macrophages have the

capacity to prime naive T cells and initiate autoreactive immune

response in spinal cord.5 Activated T cells migrate to nervous

tissues and are restimulated by resident myelin antigens

presented by microglia/macrophages.6 During this process,

macrophages are also major sources of inflammatory

mediators, such as interleukin-1 (IL-1),7 tumor necrosis factor-

alpha (TNF-α)8 and nitric oxide,9 that are critical for EAE

development.10 In addition, phagocytic cells in nervous tissues

engulf myelin debris in MS lesions, supporting for the

involvement of macrophages in the demyelination process.11

Importantly, elimination of macrophages could reduce the

severity of clinical signs of EAE,12 stressing a key role of

infiltrated macrophages as effector cells. Actually, macro-

phages can adopt different immune phenotypes in response

to various local inflammatory environments. Classically acti-

vated macrophages (CAMs) generally exhibit pro-inflammatory

activities, whereas alternatively activated macrophages

(AAMs) with high expression of arginase 1 could inhibit immune

responses.13,14 Therefore, macrophages are involved in multi-

ple stages of the pathogenesis of EAE, and could be potential

treatment targets.

Natural polyamines, including putrescine, spermidine and

spermine, are essential for cell survival, proliferation, differ-

entiation and aging.15 The cellular concentration of polyamine

is under tight regulation, a process achieved by the combina-

tion of synthesis, catabolism and transport. The synthesis of

polyamines is started from arginine, which is converted to

ornithine by arginase. Ornithine is then decarboxylated to
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produce putrescine, which can then be further converted

to spermidine and spermine. Disruption of spermidine

metabolism has been reported to be associated with the

pathogenesis of various diseases.15–17 Spermidine has been

reported to inhibit the production of pro-inflammatory cyto-

kines by LPS-challenged microglia.18 Through attenuating

systematic inflammatory factors, spermine has been shown

to enhance the survival rate of mice suffering from septic

shock.19 However, it remains elusive whether spermidine has

effects on autoimmune diseases.

In this study, we investigated the effect of spermidine on

EAE, and found that spermidine administration suppresses

EAE progression by inhibiting the pro-inflammatory activity

of macrophages, rather than directly regulating pathogenic

T cells. When we transferred the spermidine pretreated

myelin oligodendrocyte glycoprotein (MOG)-reactive T cells

into normal mice, the classical EAE was still established.

However, when macrophages were depleted, the therapeutic

effect of spermidine was abolished. Moreover, we found

that spermidine upregulates arginase 1 expression level in

macrophages, which confers these cells with significant

therapeutic effect on EAE. Our data revealed a central role

of macrophages in spermidine-mediated immunoregulation

in EAE.

Results

Spermidine alleviates EAE symptoms in mice. Polya-

mines, such as spermidine, have been found to be involved in

autoimmune diseases and other inflammatory res-

ponses.20,21 To determine whether exogenously administered

spermidine could also affect the course of autoimmune

diseases, we examined its in vivo effects on mouse EAE.

We established the mouse EAE model and treated with

spermidine right after the appearance of clinical symptoms

and found that spermidine had a significant therapeutic effect

(Figure 1a). We also examined the preventive effect of

spermidine on EAE by administering this compound immedi-

ately following MOG immunization and found that the onset of

EAE was also dramatically delayed and the disease severity,

as indicated by the clinical scores, was reduced (Figure 1b).

Histological analysis of the affected spinal cord showed that

spermidine administration markedly attenuated typical

demyelination and inflammation in EAE mice (Figure 1c).

Spermidine reduces leukocyte infiltration and immune

response in CNS. To examine the effect of spermidine

treatment on immune cell infiltration into CNS, we detected

various cell types using immunofluorescence and found that

spermidine treatment greatly reduced the infiltration of CD4+

T cells and CD11b+ macrophages (Figure 1d). To verify this

observation, we isolated and enumerated mononuclear

cells (MNCs) from the whole spinal cord and found a

marked reduction in the number of CNS-infiltrating MNCs

in spermidine-treated mice (Figure 2a). To determine the

effect of spermidine on different subsets of MNCs, we

performed flow-cytometric analysis and found that the all

subsets examined (CD4+, CD8+ and CD11b+) were reduced

(Figure 2b).

To investigate the general effect of spermidine on immune

responses, we also determined the percentage and number of

CD4+, CD8+, CD11b+ and B220+ cells in the spleen and found

that although it is not as dramatic as in CNS, spermidine-

treated EAE mice show statistically significant reduction in

CD4+ and CD11b+ cells, whereas the percentage for CD8+

T cells and B220+ B cells was not altered (Figures 2c and d).

We reasoned that the differential effects of spermidine on

immune cells in the spleen and spinal cord could be due to the

fact that theMOG35–55 peptide only activated a small portion of

CD4+ T cells in the spleen, while in the spinal cord the

infiltrated CD4+ T cells are mostly MOG reactive.22 To verify

this notion, we isolated splenocytes from MOG-immunized

mice with and without spermidine treatment and activated with

MOG or ConA.We found that MOG-induced reaction of T cells

in vitro is significantly reduced by spermidine, while direct

activation of T cells by ConA was not affected (Figure 2e). In

parallel, the production of pro-inflammatory cytokines (inter-

feron-gamma (IFN-γ), IL-12, IL-17, IL-2 and IL-6, typical

cytokines accompanying EAE) was dramatically reduced in

spermidine-treated group (Figure 2f). These results demon-

strate that spermidine does not have a general effect on

T cells, rather affects T-cell activation induced by antigens

presented by APCs.

The therapeutic effect of spermidine on EAE relies on

macrophages. Since T cells and macrophages have been

reported to be involved in EAE and we showed that

spermidine has the effects on both cell populations, it is still

possible that spermidine exerts its effect either directly

through affecting the function of myelin-specific T cells or

indirectly through regulating the function of macrophages. To

test this premise, we first pretreated MOG-reactive T cells

with or without spermidine and then adoptively transferred

into normal recipient mice. Unexpectedly, spermidine pre-

treatment did not alleviate EAE, suggesting that the thera-

peutic effect of spermidine was not exerted directly through

regulating T cells (Figure 3a). To further determine the effect

of spermidine on T cells, we treated MOG-immunized mice

with and without spermidine, then isolated T cells and

transferred into recipient mice. Again, spermidine did not

affect the pathogenic role of the T cells (Figure 3b). Thus

based on these results, we conclude that spermidine has no

direct effect on T cells, implicating a critical role of macro-

phages in mediating the anti-inflammatory effect of spermi-

dine on EAE. Therefore, we intravenously injected liposomes

containing clodronate to deplete macrophages in spleen and

spinal cord (Supplementary Figure S1a). We found that

macrophage depletion alleviated the development of EAE,

consistent with a previous report.23 Furthermore, spermidine

showed no further therapeutic effect when both spermidine

and clodronate liposomes were administrated, indicating that

the effect of spermidine requires macrophages (Figure 3c).

In addition, when splenocytes were challenged with MOG

ex vivo, the proliferation of T cells displayed a similar trend

(Figure 3d).

We next investigated howmacrophages exert their effect on

EAE in spermidine-treated mice. We co-cultured CD4+ T cells

with macrophages derived from EAE mice treated with or

without spermidine. We found that MOG35–55 peptide-induced
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T-cell proliferation was significantly reduced when presented

by macrophages from spermidine-treated mice (Figure 3e). In

addition, proinflammatory cytokines including IL-1β, TNF-α

and IL-12 were also decreased (Figure 3f), whereas the levels

of anti-inflammatory cytokines such as IL-10 and TGF-β were

not affected (Figure 3g). Consistently, we found that the levels

of pro-inflammatory cytokines including IL-1β, TNF-α and

IL-12, as well as chemokines such as CCL2, CCL3 and

CXCL1 were also decreased in serum upon spermidine

treatment (Supplementary Figure S2a and b). These results

indicate that spermidine may exert its effect by indirectly

altering the encephalitogenic activity of CD4+ T cells through

regulating the function of macrophages.

Spermidine alters macrophage phenotypes. It has been

revealed that macrophages can be activated by different

signals and resulted in different functional phenotypes. CAMs

are often associated with pro-inflammatory response and

AAMs frequently accompany anti-inflammatory reactions.13

The expression patterns of co-stimulatory molecules and

various cytokines are important determinators of macrophage

phenotypes.24 We therefore assessed whether the expression

of co-stimulatory molecules and cytokines in macrophages

was affected by spermidine treatment. As shown in Figure 4a,

the expression of CD80 and CD86 was markedly reduced on

the macrophages from both spleen and spinal cord of

spermidine-treated EAE mice. We next examined whether

the inflammatory cytokine production is affected by spermidine

treatment. Macrophages purified from the spleen of

spermidine-treated mice were stimulated with LPS for 24 h.

Interestingly, we found that the levels of IL-1β, IL-12, IL-6 and

TNF-α secreted by these macrophages were significantly

downregulated, whereas IL-10 and TGF-β were unchanged

(Figure 4b). Collectively, our data demonstrate that spermidine

inhibits the expression of co-stimulatory molecules as well as

production of pro-inflammatory cytokines by macrophages,

leading to reduced T-cell activation and proliferation.

Spermidine inhibits NF-κB signaling in macrophages. To

delineate the molecular mechanism underlying the observed

inhibitory effects of spermidine on macrophages, we asses-

sed the changes in NF-κB signaling, which is believed to

Figure 1 Spermidine ameliorates EAE. (a and b) Clinical scores of EAE mice administrated daily with spermidine (50 mg/kg body weight) or PBS from day 8 (n= 10) (a) or
from day 1 (n= 7 or n= 5) (b) post immunization. Means± S.E.M. are shown (*Po0.05, two-way ANOVA). (c) Histological analysis of spinal cord from spermidine- or vehicle-
treated EAE mice on day 18 post immunization. The paraffin-embedded sections were analyzed for demyelination by luxol fast-blue staining, and analyzed for leukocyte infiltration
by hematoxylin and eosin (H&E) staining. Scale bars, 200 μM. Outlines indicate demyelination in Fast-blue staining and indicate leukocyte infiltration area in H&E staining.
(d) Infiltration of CD4+ T cells and macrophages was analyzed by immunofluorescence staining of CD4 and CD11b respectively on the spinal cord from spermidine- or vehicle-
treated EAE mice. Scale bars, 100 μM. Outlines indicate the infiltration area of CD4+ T cells and macrophages
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have critical roles in the regulation of the expression of

pro-inflammatory factors and co-stimulatory molecules in

macrophages.25–27 As expected, macrophages derived from

spermidine-treated EAE mice exhibited markedly reduced

activation of NF-κB accompanied by decreased phosphoryla-

tion of IKKα/β and IκB. The phosphorylation of p65 at Ser536,

which is required for optimal transactivation potential of

NF-κB, was also reduced in macrophages from spermidine-

treated EAE mice, whereas the activity of NF-κB signaling in

CD4+ T cells was not affected (Figure 4c). Similar results

were obtained with macrophages derived from EAE mice

treated with spermidine in the presence of MOG peptide

in vitro (Figure 4d).

To verify the direct effect of spermidine onmacrophages, we

isolated bone marrow-derived macrophages (BMDMs) from

naive mice and then treated with spermidine in vitro. We found

that spermidine also inhibited LPS-induced phosphorylation

and degradation of IκBα as well as phosphorylation of p65 in

BMDMs at both the initial (10 min) and the later (20–60 min)

stages (Figure 4e). Additionally, the expression level of

pro-inflammatory cytokines including Il1b, Il12 and Tnfa was

significantly inhibited by spermidine in these BMDMs

(Figure 4f). We also found that the expression level of Nos2

and the production of nitric oxide were decreased in BMDMs

with spermidine treatment (Supplementary Figure S3a and b).

Therefore, our findings suggest that spermidine exerts its

effect directly on macrophages by blocking NF-κB signaling

via regulating IκBα stability and p65 activity, subsequently

reducing NF-κB targeted gene expression in macrophages.

Thus, this critical signaling pathway involved in pro-

inflammatory response was affected by spermidine treatment.

Macrophages of spermidine-treated mice could adop-

tively transfer the protective effect on EAE. The above

results showed that spermidine inhibited pro-inflammatory

activity of macrophages. Given the plasticity of macrophage-

mediated immunoregulation, we questioned whether the

immunophenotype of macrophages could be affected by

spermidine. To investigate whether spermidine-treated

macrophages possess the anti-inflammatory function, we

isolated splenic macrophages from spermidine-treated EAE

mice and vehicle control mice on day 15 post immunization,

and then transferred into recipient EAE mice on the day of

disease onset. Surprisingly, we found that macrophages

Figure 2 Spermidine suppresses the autoimmune response in EAE mice. (a) The total numbers of MNCs in whole spinal cord were isolated from EAE mice treated with
spermidine or vehicle on day 18 post immunization (n= 4). (b) The absolute numbers of various types of immune cells per spinal cord (n= 4). (c) The distribution of CD4+ T cells,
CD8+ T cells, B cells (stained for B220) and macrophages (stained for CD11b) in spleen of spermidine- or vehicle-treated EAE mice. (d) The absolute numbers of cells as gated in
(c) per spleen (n= 7–9). (e) [3H]-thymidine incorporation assay showing the proliferation of splenocytes from spermidine- or vehicle-treated EAE mice under the stimulation of
MOG peptide (20 μg/ml) or ConA (2 μg/ml) for 72 h (n= 6). (f) Cytokine production by the splenocytes from spermidine- or vehicle-treated EAE mice. The splenocytes were
reactivated with MOG peptide (20 μg/ml) for 48 h before multiplex immunoassay (n= 7–9 per group). Data are present as means± S.E.M., representing of two independent
experiments. *Po0.05; **Po0.01
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Figure 3 The therapeutic effect of spermidine on EAE is dependent on macrophages. (a) Clinical scores of mice with passive EAE induced by adoptive transfer of CD4+

T cells (3 × 106 per mouse) that were pretreated with spermidine (10 μM) or vehicle in vitro. (b) Clinical scores of mice with passive EAE induced by adoptive transfer of CD4+

T cells (3 × 106 per mouse) isolated from spermidine- or vehicle-treated EAE mice. (c) Clinical sores of EAE mice that were treated with spermidine or vehicle combined with
empty or clodronate liposome. One microgram of empty or clodronate liposome was given to EAE mice intravenously on day 7, day 9, day 11 and day 13; spermidine or vehicle
was administrated daily from day 11 post immunization. (d) Splenocytes were derived from spermidine-treated or control EAE mice, which were injected with clodronate liposome
or empty liposome. Then, the proliferation of MOG-T cell was assessed by [3H]-thymidine incorporation. (e) [3H]-thymidine incorporation assay showing the proliferation of CD4+

T cells from EAEmice co-cultured with macrophages from spermidine- or vehicle-treated EAEmice in the presence of MOG peptide (20 μg/ml) (left panel), and CD4+ T cells from
spermidine- or vehicle-treated EAE mice co-cultured with macrophages derived from EAE mice in the presence of MOG peptide (20 μg/ml) (right panel) (n= 6 wells in each
group). (f) Cytokine production in the supernatant of the aforementioned cultures was analyzed by multiplex immunoassay (n= 3 wells in each group). (g) The levels of anti-
inflammatory cytokines including IL-10 and TGF-β in the supernatant of CD4+ T cells co-culture with macrophages. Data are representative of three independent experiments.
*Po0.05; **Po0.01. N.S., not significant
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from spermidine-treated mice dramatically ameliorated the

disease severity while those received macrophages from

vehicle control mice showed no changes (Figure 5a). To

verify whether the donor macrophages regulate the T-cell

function, we challenged splenocytes derived from treated

EAE mice with MOG peptide, and found that MOG-elicited

proliferative response (Figure 5b) and the production of pro-

inflammatory cytokines such as IL-1β, IL-12 and IL-17

(Figure 5c) were significantly reduced in recipient mice that

received spermidine-treated macrophages. Moreover, we

found that the infiltration of inflammatory cells including

T cells and B cells was significantly decreased in EAE mice

transferred with spermidine-treated macrophages (Figures 5d

and e). Collectively, these data demonstrate that spermidine

conferred macrophages immunosuppression activity in

EAE mice.

Spermidine induces inhibitory macrophages and argi-

nase 1-mediated immunosuppression in macrophages.

To elucidate the mechanism underlying the observed thera-

peutic effect of macrophages on EAE, we purified macro-

phages from the spleen of spermidine-treated or control EAE

mice, and performed RNA sequencing analysis to pinpoint

the immunosuppression effectors. We identified 45 differen-

tially expressed genes between macrophages from

spermidine-treated EAE mice and those from vehicle-

treated EAE mice (Figures 6a and b). Among the down-

regulated genes, NF-κB target genes including Ptgis, Vcam1,

Fcgrt, Ppplr14a and Cd7 were identified (Figure 6a), corro-

borating the observation that spermidine inhibits NF-κB

signaling. Additionally, by qPCR analysis, we found that

macrophages from spermidine-treated EAE mice expressed

significantly lower levels of NF-κB target pro-inflammatory

cytokines including Il6, Il1b, Il12 as well as Nos2

(Supplementary Figure S4a), as compared with those from

control mice, whereas the levels of Il10 and Tgfb had no

changes (Supplementary Figure S4b). Interestingly, we found

that the most upregulated gene is Arg1, a M2 polarization

marker, and we further validated the upregulated Arg1 by

qPCR and flow-cytometrical analysis (Figures 6c and d).

Immunoblotting analysis showed that the protein level of

arginase 1 was also significantly increased in macrophages

from mice treated with spermidine (Figure 6e). Consistently, a

substantial increase in arginase-1 activity was observed in

spermidine-treated BMDMs (Figure 6f). Besides, we found

that other M2 makers such as Retnla and Ym1 are also

upregulated in the macrophages from spermidine-treated

EAE mice (Supplementary Figure S4c). Arginase 1 in macro-

phages has been reported to modulate the innate as well as

adaptive immune responses.28,29 We thus hypothesized that

arginase 1 may mediate the inhibition of EAE by macro-

phages from spermidine-treated mice. To examine this hypo-

thesis, Nw-hydroxy-nor-L-arginine (nor-NOHA) was employed

to block arginase-1 activity. Macrophages derived from bone

marrow were pretreated with spermidine for 24 h in the

presence or absence of nor-NOHA at 100 μM, a concentra-

tion exhibited no cytotoxicity to macrophages (Supplem-

entary Figure S5a), and then co-cultured with anti-CD3/28

activated CD4+ T cells. [3H]-thymidine incorporation analysis

showed that the inhibitory effect of spermidine-treated macro-

phages on CD4+ T-cell proliferation was completely abolished

by addition of nor-NOHA (Figure 6g). Moreover, the upregu-

lation of Arg1 mRNA induced by spermidine was markedly

reversed (Supplementary Figure S5b). Consistently, pretreat-

ment with nor-NOHA abrogated the therapeutic effect

of macrophages from spermidine-treated mice on EAE

(Figure 6h). Taken together, these data demonstrated that

spermidine induces the expression of arginase 1, which has a

critical role in macrophage-mediated inhibition of T-cell

proliferation and the therapeutic effect on EAE.

Discussion

Polyamines, primarily spermidine and spermine, have been

found to be involved in the regulation of inflammatory

responses. The concentration of polyamines specifically

increases at inflammatory sites during infection, trauma,

cancer and autoimmune diseases.16,17 Released by injured

or dying cells, polyamines have been considered as important

regulators to limit inflammatory damages.21 In this study,

we investigated the anti-inflammatory property of spermidine

in the context of an autoimmune disease. We found that

spermidine administration ameliorated mouse EAE by

modulating the function of macrophages. Specifically, spermi-

dine reduces the antigen-presenting capacity and pro-

inflammatory cytokine production of macrophages by target-

ing NF-κB signaling and endows them with an M2-like anti-

inflammatory phenotype. One important characteristic of

these macrophages is their high expression of arginase-1.

We further demonstrated that this enzyme has a critical role in

mediating the therapeutic effect of spermidine (summarized in

Figure 7).

Although the pathogenesis of MS and EAE has been

demonstrated to be CD4+ T-cell dependent, innate immune

cells, especially macrophages, have also been shown to have

important roles in the progression of MS and EAE. Adoptive

transfer of T cells from EAE mice treated with spermidine did

not affect the course of EAE development, indicating that

spermidine has no direct effect on T cells. Critically, we

observed that depletion of macrophages with liposome

completely abolished the treatment effects of spermidine on

EAE, verifying the central role of macrophages in spermidine-

mediated immunoregulation in EAE.

The function of activated macrophages during EAE pro-

gression is complicated. In CNS, CAMs (M1 cells) release pro-

inflammatory cytokines, which contribute to the damage of

myelin sheath and axon,30 whereas AAMs (M2 cells) produce

anti-inflammatory factors and mediate inflammation resolution

and tissue repair.31 The effect of spermidine on macro-

phages could be due to its inhibitory effect on the NF-κB

signaling pathway, which is critical for the production of pro-

inflammatory cytokines and progression of EAE. Indeed, it has

been shown that the mice with deficiency in p50, one of the

NF-κB subunits, became resistant to EAE.32 In our analysis,

we found that the phosphorylation and degradation of IκBα

and phosphorylation of p65 were downregulated in macro-

phages, but not in CD4+ T cells. Therefore, blocking NF-κB

signaling by spermidine may lead macrophages to M2

polarization during EAE. Indeed, spermidine significantly
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increased the expression of M2 marker genes such as Arg1,

Retnla and Ym1 in macrophages.

Arginase 1 is well known for its physiological role in

converting L-arginine to ornithine and urea. Consumption of

arginine is believed to impair effective immune responses. In

this regard, myeloid cells, such as macrophages, utilize local

L-Arg starvation to control the proliferation of T lymphocytes.33

Indeed, Arg1 activity in myeloid cells has been shown to inhibit
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immune responses and attenuate chronic disease.34,35 Inter-

estingly, it has also been reported that arginase 1 from macro-

phages directly suppresses the proliferation of T lymphocytes

through impairing the expression of the CD3ξ chain, the major

conductor of TCR signaling.28,36 Given the immunoregulatory

function of arginase 1, we next focused on arginase 1 in

Figure 4 Spermidine suppresses the inflammatory responses of macrophages. (a) MNCs isolated from spleen of spermidine-treated (black lines) or vehicle-treated (gray
lines) EAE mice at day 18 post immunization were stimulated with MOG35–55 peptide for 48 h and analyzed for CD80 and CD86 expression in the population of CD11b+

macrophages by flow cytometry. Numbers indicate the median fluorescence intensity of sample of spermidine treated (black) and vehicle treated (gray), respectively.
Representative histogram of three independent experiments is shown. (b) Production of cytokines by splenic macrophages from spermidine- or vehicle-treated EAE mice. Splenic
macrophages were treated with LPS (50 ng/ml) for 24 h and the supernatant was analyzed with multiplex immunoassay (n= 4). (c) Immunoblot analysis of phosphorylated
IKKα/β, IκBα and p65, as well as total IKKα/β, IκBα, p65 and GAPDH in lysates of CD4+ T cells and macrophages from spleen of spermidine- or vehicle-treated EAE mice.
(d) Immunoblot analysis of phosphorylated IKKα/β, IκBα and p65, as well as total IKKα/β, IκBα, p65 and GAPDH in lysates of splenic macrophages from EAE mice. Splenocytes
from EAE mice were stimulated with the MOG peptide in the presence of spermidine (20 μM) or vehicle for 2 h. The macrophages were then purified and analyzed by
immunoblotting. (e) Immunoblot analysis of phosphorylated IκBα and p65, as well as total IκBα, p65 and GAPDH in lysates of bone marrow-derived macrophages pretreated with
or without spermidine for 1 h before LPS stimulation for the indicated times. Immunoblotting results in (c–e) represent three independent experiments. (f) The BMDMs were
stimulated with LPS (50 ng/ml) in the presence of different concentrations of spermidine or vehicle for 16 h and then harvested for total RNA extraction. The mRNA levels of Il1b,
Il12a and Tnfa were detected by quantitative RT-PCR. Error bars represent means± S.E.M. of three independent experiments. Protein levels were quantified using Image J
software. *Po0.05; **Po0.01

Figure 5 Spermidine endows macrophages with the immunosuppression capacity. (a) Clinical scores of EAE mice received splenic macrophages at indicated time from
spermidine- or vehicle-treated EAE mice (n= 7 in each group) (**Po0.01, two-way ANOVA). (b) [3H]-thymidine incorporation assay showing the proliferation of MOG peptide-
stimulated splenocytes of indicated treated EAE mice (n= 4). (c) Production of inflammatory cytokines by MOG peptide-stimulated splenocytes of EAE mice in the treatment of
splenic macrophages from spermidine- or vehicle-treated EAE mice (n= 4). The absolute numbers of MNCs in whole spinal cords (d) and various types of immune cells per
spinal cord (e) in recipient EAE mice transferred with macrophages (n= 5). Data are present as means± S.E.M. and representing of at least two independent experiments.
*Po0.05; **Po0.01
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macrophages induced by spermidine. Surprisingly, we found

that pretreatment with arginase 1 inhibitor remarkably abro-

gated macrophages-mediated inhibition of T-cell proliferation

and therapeutic efficacy against EAE, suggesting that the

enzyme activity of arginase 1 underlies the anti-inflammatory

function of M2-like macrophages induced by spermidine.

During the progression of EAE, polyamine metabolism

undergoes dynamic changes. We found that the level of

polyamines including putrecine, spermine and spermidine in

splenocytes was dramatically increased at the remission

Figure 6 Immunosuppression capacity of macrophage is associated with M2 polarization and mediated by arginase 1. (a) Heatmap representing differentially expressed
genes by RNA sequencing analysis on macrophages from spermidine- or vehicle-treated mice, with fold-change cutoff of 0.5 and 2, and q-value cutoff of 0.1 (P-value below
0.0009). Gene symbols in green indicate NF-κB target genes. (b) Volcano plot of gene expression comparing P-value versus fold change of the RNA sequencing data on
macrophages from spermidine- or vehicle-treated mice. The cutoffs were set as described in (a). The expression of Arg1 in splenic macrophages from spermidine- or vehicle-
treated EAE mice was analyzed by qPCR (c) and flow cytometry (d) (n= 5–6 mice in each group). (e) Immunoblot analysis of arginase 1 and GAPDH in lysates of splenic
macrophages from EAE mice. Splenocytes of EAE mice were stimulated with MOG peptides in the presence of indicated concentrations of spermidine for 24 h. The
macrophages were then purified and analyzed by immunoblotting. (f) The arginase-1 activity in BMDMs treated with various dosages of spermidine was determined. (g) [3H]-
thymidine incorporation assay showing the proliferation of anti-CD3/CD28 stimulated CD4+ T cells co-cultured with bone marrow macrophages. The macrophages had been
pretreated with spermidine or vehicle in the presence or absence of nor-NOHA for 24 h. (h) Clinical scores of EAE mice treated with transfer of splenic macrophages from
spermidine- or vehicle-treated EAE mice. The splenic macrophages were pretreated with or without nor-NOHA (100 μM) before transfer. Means± s.e.m. are shown (n= 7 mice
in each group). *Po0.05, **Po0.01 (two-way ANOVA (h) and two-tailed unpaired t-test (c, d, f, g))
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stage of EAE (day 20 post immunization). Interestingly, upon

the treatment with exogenous spermidine, the increase in level

of those polyamines shifted to the peak stage of EAE and then

declined during the remission stage (Supplementary

Figure S6a). Moreover, the level of arginine was significantly

decreased in macrophages from spermidine-treated mice

(Supplementary Figure S6b). Since high levels of spermidine

and spermine can be converted to putrescine,37 these

dynamic changes could be attributed to the upregulated

arginase 1 induced by exogenous spermidine in macro-

phages.

The transport system of spermidine is well characterized in

bacterium Escherichia coli and in yeast Saccharomyces

cerevisiae.38,39 However, in mammals, no polyamine receptor

has been defined. Actually, it has been believed that

spermidine uptake is mediated by endocytosis in

mammals.39 As the main component of mononuclear-

phagocyte system, macrophages are one of the most

competent cells with endocytosis capacity.24 Thus, macro-

phages, rather than T lymphocytes, could be the major target

cells for administrated spermidine. Spermidine is an ionic

compound, and versatile in regulating cellular processes. In

addition to its anti-inflammatory function, spermidine has also

been reported to promote optic nerve regeneration in EAE

through exerting its anti-oxidant effect.40 Although oxidative

stress occurred in the optic nerve, inflammation has critical

roles in the initiation and progression of EAE. Therefore, it is

possible that spermidine may attenuate the severity of EAE

mainly by exerting its anti-inflammatory function partially

through the anti-oxidant activity. Spermidine has also been

implicated to exert its effect through electrostatic interaction

with many anionic macromolecules, such as DNA, RNA and

proteins,38,41 these polyamines can modulate the activity of

ion channels, such as K+ channels and Ca2+ channels;42

spermidine can also directly control the activity of some

kinases.43 We found that spermidine downregulates the NF-

kB pathway and promotes the expression of arginase 1 in

macrophages, which could be due to one or more of the

aforementioned functions of spermidine. However, the specific

mechanism underling this process still needs to be further

investigated.

In summary, our study provides compelling evidence

supporting the immunoregulatory role of spermidine in the

treatment of autoimmune disease. The therapeutic effect of

spermidine on EAE is dependent on macrophages rather than

directly regulating T cells. This work suggests that spermidine

could be a promising drug candidate for MS intervention.

Materials and Methods
Reagents and mice. Spermidine was obtained from Sigma-Aldrich (St Louis,
MO, USA). Antibodies used in the immunoblot analysis, including those specific for

phosphorylated IκBα, IκBα, phosphorylated NF-κB, NF-κB, arginase 1 and

GAPDH, were from Cell Signaling Technology (Danvers, MA, USA). Fluorochrome-

conjugated antibodies specific for CD4, CD8, B220, CD11b, CD115, F4/80, CD80,

CD86 and PD-L1 were from eBioscience (San Diego, CA, USA). C57BL/6J mice

were purchased from the Shanghai Laboratory Animal Center of Chinese Academy

of Sciences (Shanghai, China). The mice were maintained under specific pathogen-

free conditions. All experiments were performed on male mice between 8 and

10 weeks old. The health of the mice was monitored periodically by veterinary

professionals throughout the experiments, and all animal studies were approved by

the Institutional Animal Care and Use Committee of the Institute of Health Sciences,
Shanghai Institutes for Biological Sciences of Chinese Academy of Sciences.

Induction and treatment of EAE. Mice were immunized subcutaneously
with 300 μg MOG35–55 peptide (MEVGWYRSPFSRVVHLYRNGK) (GL Biochem,
Shanghai, China) emulsified in CFA containing 5 mg/ml heat-killed H37Ra strain of
Mycobacterium tuberculosis (Difco Laboratories, Detroit, MI, USA). Pertussis toxin
(200 ng, List Biological Laboratories, Campbell, CA, USA) in PBS was administered
i.v. on days 0 and 2 post immunization. Mice were examined and scored daily for
disease severity using the standard scale according to Stromnes et al.:44 0, no
clinical signs; 1, limp tail; 2, hind-limb weakness; 3, hind-limb paralysis; 4, hind-limb
and forelimb paralysis; 5, moribund/dead state. To examine the therapeutic effect of
spermidine on EAE, spermidine or vehicle (PBS) was intraperitoneally administered
at a dose of 50 mg/kg daily from day 11 post immunization. To examine the
prevention effect of spermidine on EAE, spermidine or vehicle (PBS) was
intraperitoneally administered daily from day 1 post immunization. The passive EAE
was induced by adoptive transfer of pathogenic CD4+ T cells from EAE mice. Briefly,
the splenocytes were isolated from active EAE mice on day 10 post immunization
and stimulated with 20 μg/ml of MOG 35–55 in the presence of 10 μM spermidine
or vehicle for 3 days. The CD4+ T cells were then purified and transferred i.v. into
irradiated (400 cGy) recipient mice (3 × 106 per mice). Pertussis toxin (200 ng) was
intraperitoneally administrated to mice on day 0 and day 2 after transfer. To
selectively deplete macrophages, EAE mice were injected with clodronate liposome
(Encapsula NanoSciences, Brentwood, TN, USA) according to the guidance of
manufacturer. Briefly, 1 mg clodronate liposome was intravenously injected to EAE
mice on day 7, day 9, day 11 and day 13 post immunization. The administration of
spermidine was then performed from day 11 after immunization. All experiments on
pathological analysis were performed between day 15 and day 18 post
immunization.

Immunohistology. Spermidine- or vehicle-treated EAE mice were fixed in 4%
paraformaldehyde immediately after perfusion and spinal cords were isolated.
Paraffin-embedded sections of spinal cords were stained with luxol fast blue and
H&E to evaluate demyelination and inflammation. For immunofluorescence, fresh
spinal cords were embedded in OCT (Tissue Tek, CA, USA) and frozen. The frozen
sections were stained with primary antibodies specific for CD11b (BD Biosciences,
San Jose, CA, USA) and CD4 (BD Biosciences), and stained with second
antibodies (Life Technologies, Carlsbad, CA, USA). Nuclei were counterstained with
Hoechst 33342 (Life Technologies). Images were acquired using the axio imager a2
microscope along with ZEN pro 2011 software (Zeiss, Ottawa, ON, Canada).

MNC analysis. To analyze MNCs in spleen and spinal cord, mice were
anesthetized and perfused to remove peripheral blood on day 15 post immunization.
Spleen and spinal cord were then isolated and homogenized. Single-cell
suspensions were obtained by filtering through 70 μm cell strainers. CNS MNCs
were purified using a 37/70% (vol/vol) discontinuous Percoll gradient (GE
Healthcare, Piscataway, NJ, USA), and viable cells were counted by 0.4% Trypan
blue exclusion. Splenic CD4+ T cells and monocytes/macrophages were purified
with CD4 and CD11b MicroBeads according to the manufacturer’s instructions
(Miltenyi Biotec, Auburn, CA, USA). For surface marker analysis, MNCs were
incubated with fluorescence-conjugated antibodies. Flow-cytometric analysis was
performed on an FACS Calibur flow cytometer (Becton Dickinson, San Jose,
CA, USA).

Proliferation and cytokine assays. To assess the response of
splenocytes to MOG peptide, splenocytes (5 × 105 per well) from EAE mice were
stimulated with the MOG35–55 peptide for up to 72 h. For ex vivo antigen-presenting
assay, CD4+ T cells from spermidine- or vehicle-treated mice were incubated with
irradiated (18 Gy) splenic macrophage from spermidine- or vehicle-treated EAE
mice at a ratio of 1 : 2 in the presence of MOG peptide for 72 h. [3H] thymidine was
added at the last 16 h of the above culture systems, and was measured by
scintillation counting (Wallac Microbeta Perkin-Elmer, Waltham, MA, USA). The
cytokines and chemokines in culture supernatants and serum were analyzed with
multiplex immunoassay (Bio-Plex System, Bio-Rad, Hercules, CA, USA).

Preparation of bone marrow-derived macrophages. To obtain
BMDMs, bone marrow was isolated from femurs and tibias of C57BL/6J mice,
and cultured in DMEM/F12 with additive of 10% FBS and 20% L929 conditioned
media for 7 days. The adherent cells were harvested and analyzed for purity with
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flow cytometry before carried out for further studies, and the F4/80+ CD11b+

macrophages were always above 95%.

Immunoblot analysis. Cells were lysed with RIPA lysis buffer (Millipore,
Billerica, MA, USA) supplemented with protease inhibitor cocktails (Roche Applied
Science, Mannheim, Germany). Proteins were separated by SDS-PAGE, and
transferred onto nitrocellulose membrane. The membranes were blocked with 5%
non-fat dried milk for 1 h and incubated with primary antibodies against p-Ikkα/β,
p-IκBα, IκBα, p-NFκB, NFκB, arginase 1 and GAPDH overnight at 4 °C. After
washing with Tris-buffered saline with Tween 20 (TBST) buffer, the membranes were
incubated with HRP-conjugated secondary antibody (Cell Signaling) and then
subjected to chemiluminescent detection according to the manufacturer’s
instructions (Millipore).

Polyamine analysis. To analyze polyamine levels in splenocytes and
macrophages, spleens were harvested and cells were isolated at various points
during EAE procession. Single-cell suspension was lysed and centrifuged (10 min
at 14 000g). The supernatant was collected for polyamine analysis, and aliquots
containing 1 mg of protein were loaded onto LC/MS/MS instruments (AB SCIEX
Triple Quad 5500, Framingham, MA, USA). To determine arginase-1 activity,
BMDMs (1 × 106 cells/ml) were incubated in 12-well tissue culture plates in the
presence or absence of spermidine for 24 h, and arginase-1 activity in cell lysate
was determined using an arginase assay kit (BioAssay Systems, Hayward,
CA, USA).

Gene expression analysis. Real-time quantitative PCR was performed
with 7900 HT Fast Real-Time PCR system (Applied Biosystems, Foster City, CA,
USA) using FastStart Universal SYBR Green Master (Roche). Oligonucleotide
primers were as follows: Il1b, 5′-AAGTTGACGGACCCCAAAAGAT-3′, 5′-TGTTGA
TGTGCTGCTGCGA-3′; Il12a, 5′-CAATCACGCTACCTCCTCTTTT-3′, 5′-CAGCAG
TGCAGGAATAATGTTTC-3′; Il12b, 5′-GTCCTCAGAAGCTAACCATCTCC-3′, 5′-CCA
GAGCCTATGACTCCATGTC-3′; Tnfa, 5′-ATGGCCTCCCTCTCATCAGTTC-3′, 5′-GGC
TACAGGCTTGTCACTCGAA-3′; Il6, 5′-AGATAAGCTGGAGTCACAGAAGGAG-3′,
5′-CGCACTAGGTTTGCCGAGTAG-3′; Arg1, 5′-CTCCAAGCCAAAGTCCTTAGAG-3′,

5′-AGGAGCTGTCATTAGGGACATC-3′; Retnla, 5′-GGATGCCAACTTTGAATAGGA-3′,

5′-GGATAGTTAGCTGGATTGGCA-3′; Ym1, 5′-CAGGTCTGGCAATTCTTCTGAA-3′, 5′-

GTCTTGCTCATGTGTGTAAGTGA-3′; Actb, 5′-CCACGAGCGGTTCCGATG-3′, 5-

GCCACAGGATTCCATACCCA-3′. Total amount of mRNA was normalized with

Actb mRNA.

Statistical analysis. Data were presented as means± S.E.M., and the
significance of difference was assessed by unpaired two-tailed t-test unless other-

wise indicated. The P-values of clinical scores were determined by two-way

multiple-range ANOVA for multiple comparisons. A P-value of o0.05 was

considered as statistically significant.
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