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Introduction
Little is known about the role of  IL-3 in multiple sclerosis (MS) in humans and in murine or rat experimen-
tal autoimmune encephalomyelitis (EAE), the animal model of  MS. In C57BL/6 (H-2b) mice with myelin 
oligodendrocyte glycoprotein (MOG) peptide 35-55–induced EAE, production of  IL-3 was found after 
specific restimulation of  total leukocytes from lymph nodes, CNS, blood, and spleen (1). IL-3 was also a 
prominent cytokine produced by CD4+ T cells in SJL/J (H-2s) mice immunized with PLP peptide 139-151 
(2) and in the spinal cords of  IFN-γ–/– C57BL/6 (H-2b) mice immunized with bovine myelin basic protein 
(MBP) (3). After adoptive transfer of  an encephalitogenic T cell clone into SJL/J (H-2s) mice and in a mod-
el of  Semliki Forest virus A7(74)–induced demyelination, IL-3 expression was upregulated in the CNS (4, 
5). It was also shown that IL-3 induced proliferation of  a mouse microglia cell line (6).

IL-3 belongs to the family of  hematopoietic cytokines with 4 short α-helices that also includes GM-CSF 
and IL-5 (7). All 3 cytokines bind to specific α-receptor subunits but use a common β-receptor subunit for 
signal transduction, mainly via the JAK/STAT pathway (7). IL-3 is primarily produced by activated T cells 
(8) but can also be expressed by innate response activator B cells (9), basophils, neurons, and microglial 
cells (10–13). IL-3 induces activation and/or increases the survival of  various target cells, including mast 
cells, basophils, monocytes, DCs, B cells, T cells, and endothelial cells (14–21). An important role of  IL-3 
in inflammation and autoimmunity was recently shown in a model of  sepsis (9), as well as in models of  
arthritis and lupus nephritis (22, 23). IL-3 increases the release of  monocytes and neutrophils from the BM, 
activates monocytes and BM cells to release proinflammatory cytokines, has antiapoptotic effects on vari-
ous leukocytes, and activates endothelial cells to upregulate E- and P-selectin (9, 14–21).

In humans, transcriptional analysis of  cytokine expression in brain specimens from MS-patients and 
healthy controls showed upregulation of  IL-3 expression in MS-lesions (24). IL-3 expression by mononu-
clear cells was found to be either downregulated or upregulated in MS-patients compared with controls 
(25, 26). MS-patients treated with the copolymer PI-2301 showed upregulation of  serum IL-3 levels (27).

So far, the role of  IL-3 for development of  EAE has not been analyzed and no experiments have been 
performed to study the role of  IL-3 in encephalitis by inhibition or KO of IL-3. Overexpression of  IL-3 in 
astrocytes resulted in macrophage/microglial-mediated primary demyelination and motor disease with white 

Little is known about the role of IL-3 in multiple sclerosis (MS) in humans and in experimental 
autoimmune encephalomyelitis (EAE). Using myelin oligodendrocyte glycoprotein (MOG) peptide–
induced EAE, we show that CD4+ T cells are the main source of IL-3 and that cerebral IL-3 expression 
correlates with the influx of T cells into the brain. Blockade of IL-3 with monoclonal antibodies, 
analysis of IL-3 deficient mice, and adoptive transfer of leukocytes demonstrate that IL-3 plays an 
important role for development of clinical symptoms of EAE, for migration of leukocytes into the 
brain, and for cerebral expression of adhesion molecules and chemokines. In contrast, injection of 
recombinant IL-3 exacerbates EAE symptoms and cerebral inflammation. In patients with relapsing-
remitting MS (RRMS), IL-3 expression by T cells is markedly upregulated during episodes of relapse. 
Our data indicate that IL-3 plays an important role in EAE and may represent a new target for 
treatment of MS.
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matter lesions (28). Transgenic overexpres-
sion of  IL-3 led to a motor neuron disease 
and muscular atrophy with autoimmunity 
against motor neurons (29). In addition, a 
positive correlation was described between 
MBP-specific production of  IL-3 by T cells 
and the encephalitogenic potential of  these 
cells (30). On the other hand, transgenic 
expression of  antisense IL-3 mRNA result-
ed in development of  neurological dysfunc-

tion in 3 of  5 founder animals (31), and IL-3 was described as trophic factor for cholinergic neurons (32).
We have analyzed the role of  IL-3 in MOG peptide 35-55–induced EAE in C57BL/6 (H-2b) mice using 

a blocking monoclonal antibody against IL-3, IL-3 deficient mice, and injection of  recombinant murine 
IL-3. We show that IL-3 is required for migration of  leukocytes into the CNS but not for development of  
the immune response against MOG peptide. Blockade of  IL-3 or genetic deficiency of  IL-3 improved devel-
opment of  EAE, while injection of  recombinant murine IL-3 exacerbated EAE and cerebral inflammation. 
In patients with relapsing-remitting MS (RRMS), a marked upregulation of  IL-3 production by T cells was 
found during episodes of  relapse.

Results
Analysis of  IL-3 expression in EAE. EAE was induced in C57BL/6 (H-2b) mice by immunization with MOG pep-
tide 35-55, as described in the Methods section. We analyzed expression of IL-3 in the spleen and CNS before 
immunization with MOG peptide 35-55 (day 0), as well as 14 and 21 days after immunization. The MOG pep-
tide 35-55–specific release of cytokines was measured by restimulation of splenocytes with MOG peptide 35-55 
(Figure 1A and Supplemental Figure 1; supplemental material available online with this article; doi:10.1172/jci.
insight.87157DS1). In nonimmunized mice, no MOG-specific release of IL-3, IFN-γ, GM-CSF, or IL-17 was 
detectable, while considerable amounts of these cytokines were released 14 and 21 days after immunization. 
To identify which cells are responsible for the MOG peptide 35-55–induced release of IL-3, we depleted CD4+ 
or CD8+ T cells with magnetic beads and restimulated the remaining splenocytes with MOG peptide 35-55. 

Figure 1. MOG-specific expression of IL-3 by 
CD4+ T cells. C57BL/6 (H-2b) mice were immu-
nized with MOG peptide 35-55 on day 0. (A) 
Immediately before immunization (day 0) or 
14 and 21 days after immunization (4–5 mice/
time point), splenocytes were restimulated with 
MOG peptide 35-55 or PBS as control for 3 days, 
and the levels of IL-3, GM-CSF, and IFN-γ were 
measured in the supernatant. A pronounced 
MOG peptide 35-55–specific release of IL-3, 
GM-CSF, and IFN-γ was detectable 14 and 
21 days after immunization. (B) Splenocytes 
obtained at day 14 after immunization were 
depleted of CD4+ or CD8+ T cells and restimulated 
with MOG peptide or PBS (3 mice/group). The 
MOG-specific release of IL-3 and GM-CSF was 
completely dependent on the presence of CD4+ T 
cells. (C) Before immunization (day 0) or 14 and 
21 days after immunization, splenocytes were 
activated with PMA and ionomycin for 4 hours 
and stained for intracellular expression of IL-3, 
GM-CSF, IFN-γ, and IL-17 (5 mice/time point). 
The frequency of cytokine-positive CD4+ T cells 
markedly increased after immunization. One out 
of 2 representative experiments is shown. Data 
are represented as mean ±SEM, one-way ANOVA 
test of day 14 or day 21 vs. day 0: *P ≤ 0.05, **P ≤ 
0.01, ***P < 0.001.
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Depletion of CD4+ T cells completely abro-
gated the MOG-induced 35-55 release of  
IL-3, IFN-γ, GM-CSF, and IL-17, while 
depletion of CD8+ T cells had little effect 
(Figure 1B and Supplemental Figure 1). 
This shows that MOG-specific CD4+ T cells 
are the main source of IL-3 and other cyto-
kines among splenocytes from EAE mice. 
To directly visualize cytokine expression by 
CD4+ T cells, we performed intracellular 
cytokine staining. The frequency of CD4+ 
T cells expressing IL-3, IFN-γ, GM-CSF, 
and IL-17 markedly increased from day 0 
to day 14 after immunization with some 
decline on day 21 (Figure 1C). Costaining 
of IL-3, IFN-γ, GM-CSF, and IL-17 reveals 
that there is no clear coexpression of IL-3 
with IFN-γ, GM-CSF, and IL-17 (Supple-
mental Figure 1).

We next quantified the expression of  IL-3 in the spinal cord and the cerebral infiltration of  leuko-
cytes. From day 0 to day 14, a marked influx of  monocytes, CD4+ T cells, CD8+ T cells, and B cells 
occurred in the CNS (Supplemental Figure 2). The number of  infiltrating monocytes was much higher 
than the number of  infiltrating T and B cells. Interestingly, on day 21, T and B cells almost completely 
disappeared, while monocytes remained high in the CNS (Supplemental Figure 2A). Parallel to the 
infiltration of  T cells, expression of  IL-3, GM-CSF, IL-17, and IFN-γ markedly increased in the spinal 
cord from day 0 to day 14 but declined almost to background levels on day 21, suggesting that most of  
the IL-3 expression in the CNS originates from infiltrating T cells (Supplemental Figure 2B).

Taken together, our data show that MOG-specific CD4+ T cells are the main producers of  IL-3. 
Peak expression of  IL-3 in the brain occurs at about 14 days after immunization and correlates with the 
cerebral influx of  T cells.

Improvement of  EAE by blockade of  IL-3. IL-3 was neutralized by daily i.p. injection of  a blocking anti-
body against IL-3. Treatment of  mice was started immediately after immunization with MOG peptide 
35-55 (day 0) and continued until day 19. Clinical symptoms of  EAE were evaluated in a blinded manner 

Figure 2. Blockade of IL-3 reduces develop-
ment of EAE. EAE was induced in C57BL/6 
mice by immunization with MOG peptide 35-55 
on day 0. From day 0–19, mice were treated 
with an intact or deglycosylated neutralizing 
anti–IL-3 antibody (anti–IL-3, 50 μg/day) or 
purified rat IgG (Control, 50 μg/day) (n = 14-15/
group). (A and C) Clinical symptoms of EAE 
(EAE score) were significantly ameliorated (P 
< 0.01) in anti–IL-3–treated mice. (B and D) 
Leukocytes infiltrating the brain were quanti-
fied by flow cytometry on day 20. Monocytes 
(Monos) and total leukocytes (CD45+) were 
reduced by blockade of IL-3, while infiltrating 
CD4+ T cells, CD8+ T cells, and CD19+ B cells were 
not different between the groups. (E) On day 
20, splenocytes were restimulated with MOG 
peptide 35-55 or PBS as control for 3 days, 
and the levels of IFN-γ, IL-6, and IL-17 were 
measured in the supernatant by ELISA. One 
out of 2 representative experiments is shown. 
Data are represented as mean ±SEM, Student’s 
t test of control vs. anti–IL-3: *P ≤ 0.05, **P < 
0.01, ***P < 0.001.
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and increased from day 9 to day 20. Neutralization 
of  IL-3 resulted in a highly significant reduction 
of  EAE symptoms from day 10 throughout day 
20 (Figure 2A) and reduced the overall incidence 
of  EAE (Supplemental Figure 3). On day 21, we 
quantified the infiltrating cells in the brain by flow 
cytometry. Consistent with the time course above, 
numbers of  cerebral T and B cells were low in both 
groups. However, monocytes were detectable at 
considerable numbers and were reduced by about 
35 % in the anti–IL-3 group (Figure 2B). Also, a 
deglycosylated variant of  the anti–IL-3 antibody 

achieved a highly significant inhibition of  EAE symptoms and reduced the infiltration of  the brain with 
monocytes, indicating that blockade of  IL-3 is sufficient to limit EAE severity, while depletion of  IL-3 (e.g., 
via Fc-receptor–positive cells) does not contribute to the beneficial effects of  the IL-3 antibody (Figure 2, 
C and D). Restimulation of  splenocytes with MOG peptide 35-55 was performed to quantify the cellular 
immune response against MOG. The MOG-specific release of  IFN-γ, IL-17, or IL-6 was not reduced in 
mice treated with anti–IL-3, indicating that blockade of  IL-3 does not interfere with the efficacy of  immu-
nization and the cellular immune response against MOG (Figure 2E).

Inhibition of  cerebral influx of  T cells and monocytes by blockade of  IL-3. EAE symptoms rapidly develop 
within 9–12 days after immunization with MOG peptide 35-55 in close correlation with the cerebral influx 
of  monocytes and T cells. We therefore blocked IL-3 from day 0 to day 10 after immunization with MOG 
and analyzed the cerebral infiltrate on day 11. As control, we also included healthy untreated WT mice. In 
MOG-immunized mice, blockade of  IL-3 markedly reduced the cerebral influx of  CD4+ T cells, CD8+ T 
cells, B cells, and monocytes (Figure 3A). In the anti–IL-3 group, the number of  infiltrating T cells in the 
brain was reduced almost to the level of  healthy controls, and the number of  monocytes in the brain was 
reduced by more than 50%. To investigate whether leukocyte infiltration in the brain differs from that in the 
spinal cord, we analyzed both compartments in control and anti–IL-3–treated mice on day 13 after immu-
nization with MOG peptide (Supplemental Figure 4). In accordance with published data (33), the immune 
cell infiltrates were similar in the brain and spinal cord, and blockade of  IL-3 reduced cell infiltrates in both 

Figure 3. Blockade of IL-3 prevents the early migra-
tion of leukocytes into the brain. EAE was induced 
in C57BL/6 (H-2b) mice by immunization with MOG 
peptide 35-55 on day 0. From day 0–10, mice were 
treated with a neutralizing anti–IL-3 mAb (anti–IL-3, 
50 μg/day) or purified rat IgG (Control, 50 μg/day) and 
analyzed on day 11. A third group of C57BL/6 (H-2b) 
mice was not immunized with MOG peptide 35-55 
and not treated with antibodies (no EAE). (A) On day 
11, leukocytes infiltrating the brain were quantified 
by flow cytometry (n = 9–10/group). Blockade of IL-3 
reduced cerebral monocytes and total leukocytes 
(CD45+) by more than 50 %. Cerebral CD4+ and CD8+ T 
cells were reduced to the level of healthy nonimmu-
nized mice. (B) Expression of E-selectin, P-selectin, 
RANTES (CCL5), and CXCL1 was quantified in the brain 
by qPCR in a separate experiment (n = 5-8/group). (C) 
Total splenocytes from C57BL/6 (H-2b) mice (800.000 
cells/200 μl) were cultured for 24 or 48 hours with 
various cytokines (all 10 ng/ml). CCL5 was measured in 
the supernatant by ELISA. (D) Total splenocytes (Total) 
or splenocytes depleted of CD11b+ cells (11b–) Ly6C+ cells 
(Ly6C–) or CCR2+ cells (CCR2–) (500.000 cells/200 μl) 
were cultured for 24 hours with IL-3 (10 ng/ml). CCL5 
was measured in the supernatant by ELISA. One out 
of 2 representative experiments is shown. Data are 
represented as mean ±SEM, one-way ANOVA test of 
anti–IL-3 or no EAE vs. Control: *P ≤ 0.05, **P < 0.01, 
***P < 0.001.
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compartments by about 50%. By real-time 
PCR, we quantified expression of  E-selectin, 
P-selectin, CCL5 (RANTES), and CXCL1 
in the brain, which are known to be import-
ant for the migration of  leukocytes into the 
brain (34–37). Blockade of  IL-3 reduced the 
cerebral expression of  E- and P-selectin by 
more than 70% and the expression of  CCL5 
(RANTES) by about 50%, while expression 
of  CXCL1 was not significantly changed 
(Figure 3B). To further investigate the impact 
of  IL-3 on the release of  CCL5, we cultured 
splenocytes from C57BL/6 (H2b) mice with 
IL-3 and measured the production of  CCL5. 
Among a variety of  cytokines — including 
IFN-γ, TNF, and GM-CSF — IL-3 induced 
the strongest release of  CCL5, while IL-4, 
IL-6, and M-CSF were ineffective (Figure 
3C). Depletion of  leukocytes subsets from 

isolated splenocytes was used to identify the IL-3 target cells. Most of  the IL-3–induced release of  CCL5 is 
derived from CD11b+Ly6C+CCR2+ monocytes, since depletion of  these cells almost completely abrogated 
the release of  CCL5 (Figure 3D).

To demonstrate the importance of  IL-3 for migration of  leukocytes into the brain and to exclude that 
blockade of  IL-3 interferes with the immune response against MOG, we adoptively transferred CFSE-la-
beled splenocytes that were obtained from mice 11 days after immunization with MOG peptide 35-55. 
The donor mice were not treated with anti–IL-3 antibodies. Recipients were immunized with MOG pep-
tide 35-55, treated daily with anti–IL-3 or rat IgG from day 0–12, and received CFSE-labeled splenocytes 
on day 11. On day 13, we quantified the number of  CFSE-labeled leukocytes in the brain and the spleen. 
In this experimental setup, the migration of  adoptively transferred CFSE-labeled leukocytes is indepen-
dent of  their peripheral priming or activation. Blockade of  IL-3 markedly reduced the migration of  leu-
koctes into the CNS (71% reduction for monocytes, 56% and 68% reduction for CD4+ and CD8+ T cells, 
and 68% reduction for B cells) (Figure 4A). The migration of  CFSE-labeled leukocytes into the spleen 
was not reduced. We also calculated the ratio of  CFSE-labeled cells in the CNS and spleen to control for 
possible variations in the number of  effectively transferred cells and to find out whether leukocyte subsets 
differ in their ability to migrate into the brain. Interestingly, monocytes migrated about 10 times more 

Figure 4. Adoptive transfer of CFSE-labeled 
leukocytes into mice with incipient EAE. C57BL/6 
(H-2b) mice were immunized with MOG peptide 
35-55 on day 0 and treated from day 0–12 with a 
neutralizing anti–IL-3 antibody (anti–IL-3, 50 μg/
day) or purified rat IgG (Control, 50 μg/day) (n = 7/
group). On day 11, CFSE-labeled splenocytes were 
i.v. injected. These splenocytes were obtained 
on day 11 from C57BL/6 (H-2b) mice that were 
immunized with MOG peptide 35-55 on day 0 
but not treated with mAbs. (A) Quantification 
of CFSE-labeled leukocytes in the brain and the 
spleen of recipients on day 13. Blockade of IL-3 sig-
nificantly reduced the number of infiltrating CFSE+ 
T cells, B cells, and monocytes in the brain but not 
in the spleen. (B) Ratio of CFSE-labeled leukocytes 
detected within the brain and within the spleen. 
Monocytes migrated much more efficiently into 
the brain than T and B cells. Data are represented 
as mean ±SEM, Student’s t test of anti–IL-3 vs. 
Control: *P ≤ 0.05, **P < 0.01.
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efficiently into the brain than T cells and 
B cells (Figure 4B). Blockade of  IL-3 sig-
nificantly reduced the migration of  leu-
kocytes into the brain.

Reduced development of  EAE in IL-3–defi-
cient mice. IL-3–deficient mice were back-
crossed for 6 generations on a C57BL/6 
background. Heterozygous IL-3–deficient 
mice were crossbred to generate WT, 
heterozygous (IL-3+/–), and homozygous 
(IL-3–/–) IL-3–deficient littermates. Female 
8- to 12-week-old mice were immunized 
with MOG peptide 35-55 on day 0 and 
monitored until day 20. Heterozygous 
(n = 18) and homozygous (n = 21) IL-3–
deficient mice developed significantly less 
symptoms of  EAE than WT animals (n 
= 22) (Figure 5A). There was no signifi-
cant difference between heterozygous and 

homozygous IL-3–deficient mice in the overall score (AUC); however, from day 17–20, heterozygous mice 
showed lower EAE scores than homozygous mice. Counter-regulatory mechanisms in homozygous mice, as 
seen by an increased MOG-specific release of  IL-17 in IL-3–/– mice, may account for this unexpected finding 
(Figure 5C). Leukocyte subpopulations infiltrating the brain were analyzed in comparison with the peripheral 
blood on day 20. Consistent with the clinical EAE score, cerebral infiltration of  monocytes, T cells, and B 
cells was significantly reduced in heterozygous mice, while there was no reduction in homozygous mice. In 
the peripheral blood, only CD19+ B cells showed a significant but small increase in heterozygous mice (Figure 
5B). Splenocytes were restimulated with MOG peptide 35-55 for 3 days to measure the MOG-specific release 
of  IL-3, GM-CSF, and IL-17 in the supernatant by ELISA (Figure 5C). The release of  IL-3 was significant-
ly reduced in heterozygous and completely abrogated in homozygous IL-3–deficient mice. The release of  
GM-CSF was unchanged, and the release of  IL-17 was significantly higher in homozygous mice. Leukocyte 
infiltration in the brain, cerebral expression of  chemokines and selectins, and the MOG-specific immune 
response were also studied in IL-3+/+, IL-3+/–, and IL-3–/– littermates on day 11 after immunization with MOG 
peptide (Supplemental Figure 5). Infiltration of  monocytes, T and B cells, and cerebral expression of  CCL2 
and CCL5 were reduced in IL-3+/– and IL-3–/– mice on day 11. Expression of  E- and P-selectin was only 
reduced in IL-3–/– mice. The MOG-specific release of  IL-17 was significantly increased in IL-3+/– and IL-3–/– 
mice, while the release of  GM-CSF was unchanged and the release of  IL-3 was reduced or absent, as expected 

Figure 5. Reduced development of EAE in 
IL-3–deficient mice. EAE was induced in 
C57BL/6 WT mice (IL-3+/+, n = 22), heterozy-
gous IL-3–deficient mice (IL-3+/–, n = 18), and 
homozygous IL-3–deficient mice (IL-3–/–, n = 
21) by immunization with MOG peptide 35-55 
on day 0. (A) Clinical symptoms of EAE (EAE 
score) were significantly diminished in IL-3+/– 
and IL-3–/– mice, as seen by daily monitoring 
and by added scores (AUC). Pooled data of 
2 independent experiments are shown. (B) 
Leukocytes were quantified in the brain and 
in the peripheral blood by flow cytometry on 
day 20 (n = 8–10/group). (C) On day 20, sple-
nocytes were restimulated with MOG peptide 
35-55 or PBS for 3 days, and the release of 
IL-3, GM-CSF, and IL-17 was measured in the 
supernatant by ELISA. Data are represented 
as mean ±SEM, one-way ANOVA test of IL-3+/– 
or IL-3–/– vs. IL-3+/+: *P ≤ 0.05, **P < 0.01, ***P 
< 0.001.
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according to the genotype of  the mice.
Impact of  late blockade of  IL-3 on develop-

ment of  EAE. As shown above, neutraliza-
tion of  IL-3 immediately after immuniza-
tion with MOG peptide markedly improved 
development of  EAE and the influx of  leu-
kocytes into the CNS. To analyze whether 
delayed treatment with anti–IL-3 antibod-
ies is also beneficial, we started treatment 
on day 5 or day 10 after immunization and 
injected the antibody daily until day 20. 
When treatment was started on day 5, EAE 
symptoms were slightly reduced, with signif-
icant differences on day 10, 13, and 16 (Sup-
plemental Figure 6A). When neutralization 
of  IL-3 was started on day 10, reduction 
of  EAE symptoms/severity was detectable 
only on days 16–18, and no differences were 
observed at the end of  the experiment (Sup-
plemental Figure 6B).

Exacerbation of  EAE by injection of  IL-3. Expression of  murine IL-3 increased during the course of  
EAE, as shown above by restimulation of  splenocytes and quantitative PCR of  the CNS. However, the 
availability of  IL-3 may still limit development of  EAE. To further increase IL-3 levels in this model, we 
daily injected recombinant IL-3 (200 ng/mouse) from day 5–21. Administration of  recombinant IL-3 
significantly exacerbated clinical symptoms of  EAE, as seen on days 17–22 (Figure 6A). Interestingly, 
there was no difference between the control group and the IL-3 group until day 14. Most likely, CD4+ T 
cells infiltrating the CNS during this phase of  the disease produce saturating amounts of  IL-3. Only after 
day 14, when the number of  T cells and the cerebral IL-3 levels in the CNS decrease, injection of  IL-3 
may become relevant. Injection of  IL-3 significantly increased CD4+ T cells, CD8+ T cells, and B cells in 
the CNS on day 22, while monocytes were only marginally increased. The numbers of  T cells, B cells, 
or monocytes in the peripheral blood remained unchanged by treatment with recombinant IL-3 (Figure 
6B). IL-3 also affected the cellular immune response against MOG peptide 35-55, as treatment of  mice 
with IL-3 increased the antigen-specific release of  IL-17 and TNF from splenocytes restimulated with 
MOG peptide 35-55 on day 22 (Figure 6C). In addition, we have analyzed whether recombinant IL-3 
increases the cerebral expression of  CCL2, CCL5, CXCL1, and E- and P-selectin (Supplemental Figure 
7). MOG peptide–immunized mice were treated from day 0–10 by daily i.p. injection of  200 ng recom-
binant murine IL-3 or PBS as control. On day 11, expression of  CCL2, CCL5, E-selectin, and P-selectin 
in the brain was upregulated in IL-3–treated mice.

Figure 6. Injection of recombinant IL-3 exacer-
bates development of EAE. EAE was induced 
in C57BL/6 (H-2b) mice by immunization with 
MOG peptide 35-55 on day 0. Mice were treated 
by daily i.p. injection of 200 ng recombinant 
murine IL-3 (IL-3) or PBS as control (PBS) from 
day 5–21 (n = 15/group). (A) Clinical symptoms 
of EAE (EAE score) are significantly higher in 
IL-3–treated mice. (B) Leukocyte subpopulations 
infiltrating the brain (left) and peripheral blood 
(right) were quantified by flow cytometry on day 
22. (C) On day 22, splenocytes were restimulated 
with MOG peptide 35-55 or PBS as control for 3 
days, and the level of IFN-γ, IL-17, and TNF were 
measured in the supernatant by ELISA. One out 
of 2 representative experiments is shown. Data 
are represented as mean ±SEM, Student’s t test 
of PBS vs. IL-3: *P ≤ 0.05.
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Taken together, our data show that injection of  
recombinant IL-3 results in exacerbation of  EAE, 
while neutralization of  IL-3 has a beneficial effect on 
EAE in mice.

Increased release of  IL-3 from patients with MS. To 
study the production of  IL-3 in patients with MS, 
we polyclonally activated peripheral blood mono-
nuclear cells (PBMC) with anti-CD3 antibodies for 
3 days and quantified the release of  IL-3 into the 
supernatant by ELISA. Polyclonal stimulation of  T 
cells from patients with RRMS resulted in increased 
IL-3 secretion in patients with a clinical relapse 
(n = 19, active disease) compared with patients in 
remission (n = 30, nonactive disease) or controls (n 
= 21) (Figure 7A). The IL-3 levels in untreated MS 
patients with active disease (IL-3 = 565 pg/ml, n = 
5) were about 20% higher than in those treated with 
any immunomodulatory therapy (IL-3 = 481 pg/ml, 
n = 14). Also, in MS patients with inactive disease, 
IL-3 levels were somewhat higher in those untreat-
ed (IL-3 = 378 pg/ml, n = 11) than in those treated 
with any immunomodulatory therapy (IL-3 = 315 

pg/ml, n = 19). The differences between treated and untreated patients were statistically not significant. 
Over time, patients with active disease who stabilized and had subsequently inactive disease showed fall-
ing IL-3 values (Figure 7B). Patient characteristics are provided in Supplemental Table 1.

Discussion
IL-3 belongs to the family of  hematopoietic cytokines with 4 short α-helices that also includes GM-CSF 
and IL-5 (7). All of  these cytokines bind to a common β-receptor subunit and a unique α-receptor subunit. 
While the role of  GM-CSF for EAE is well documented (38–41), little is known about IL-3. Some reports 
describe expression of  IL-3 in MS in humans and in murine encephalomyelitis, as well as demyelination 
and neurotoxicity, after overexpression of  IL-3 (3, 4, 24, 28, 29). However, functional data regarding block-
ade of  IL-3 in EAE are lacking. Although there are overlapping functions of  GM-CSF and IL-3, GM-CSF 
seems to exacerbate EAE mainly by activation of  monocytes (42). The impaired function of  monocytes in 
GM-CSF–deficient mice is also responsible for the development of  lung proteinosis that does not occur in 
IL-3–deficient mice (43). IL-3 acts on various cell types, including mast cells, basophils, monocytes, DCs, 
B cells, T cells, and endothelial cells (14–21). While the role of  mast cells in EAE is somewhat controver-
sial (44), other leukocyte subsets and transendothelial migration are clearly involved in development of  
encephalomyelitis (45–48). According to our data, the main producers of  IL-3 in EAE are CD4+ T cells. 
In the spleen the release of  IL-3 after restimulation with MOG peptide 35-55 is completely dependent on 
the presence of  CD4+ T cells, and in the CNS, the expression of  IL-3 closely correlates with the influx of  
CD4+ T cells. Expression of  IL-3 in the CNS is markedly upregulated on day 14 after immunization with 
MOG peptide, while infiltrating T cells and IL-3 expression decrease in the CNS almost to baseline levels 

Figure 7. Expression of IL-3 in patients with MS and con-
trols. (A) PBMC of patients with RRMS with active disease 
(relapse) or nonactive disease (remission) and PBMC of 
controls were stimulated with anti-CD3. After 3 days, 
IL-3 was quantified in the supernatant by ELISA. RRMS 
patients with active MS (n = 19) showed increased IL-3 
secretion compared with patients with nonactive MS (n 
= 30) and controls (n = 21). Data are represented as mean 
±SEM. Student’s t test of controls vs. active MS. *P ≤ 0.05 
(B) Four MS patients with active disease are depicted who 
stabilized over time and showed falling IL-3 values.
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on day 20. Infiltrating monocytes remain high and contribute to CNS pathology, as shown by depletion of  
CCR2+ monocytes (48). Apart from T cells, other IL-3–producing cell types like B cells, basophils, neurons, 
or microglia may contribute to a MOG-independent production of  IL-3 in the brain (9–13).

Using a blocking mAb against IL-3 and IL-3–deficient mice, we investigated the contribution of  IL-3 to 
development of  encephalomyelitis. IL-3+/– and IL-3–/– mice developed significantly less symptoms of  EAE 
compared with WT littermates. At the end of  our observation period (day 17–20), IL-3–/– mice showed more 
EAE symptoms than IL-3+/– mice. While immune cell infiltrates in the brain were significantly reduced in 
both IL-3+/– and IL-3–/– mice on day 11, there was only a reduction in IL-3+/– mice on day 20. This sug-
gests that compensatory mechanisms are active in IL-3–/– mice, as also seen by an increased MOG-specific 
release of  IL-17 in IL-3–/– mice on day 20. Treatment of  mice with an anti–IL-3 antibody seemed to induce 
less counter-regulatory mechanisms, as clinical symptoms of  EAE and immune cell infiltrations in the 
brain were reduced on day 11 and on day 20. Nevertheless, treatment with anti–IL-3 also slightly increased 
the MOG-specific release of  cytokines on day 20. Delayed blockade of  IL-3 from day 5–19 or day 10–19 
was less effective. IL-3 seems to be a crucial and early inductor of  inflammation and classical proinflamma-
tory cytokines. In mice with collagen-induced arthritis, upregulation of  IL-3 preceded the upregulation of  
classical proinflammatory cytokines in the synovium, and blockade of  IL-3 significantly reduced immune 
cell infiltration and cytokine expression (22). In a model of  sepsis, IL-3–deficient mice did not develop a 
cytokine storm (IL-1, IL-6, TNF) and showed a significantly better survival rate (9).

To better understand the mechanisms of  how IL-3 affects development of  EAE, we analyzed the 
impact of  IL-3 on infiltration of  various leukocyte subsets into the CNS on day 11–13 after immunization. 
Blockade of  IL-3 markedly reduced the influx of  CD4+ T cells, CD8+ T cells, and monocytes into the 
CNS, while the number of  these cells in the peripheral blood remained unchanged. By adoptive trans-
fer of  CFSE-labeled leukocytes, we directly showed that IL-3 is involved in migration of  leukocytes into 
the brain, independent of  possible effects of  IL-3 on peripheral priming or activation of  leukocytes. Sple-
nocytes were obtained from untreated MOG-immunized mice, labeled with CFSE and adoptively trans-
ferred into anti–IL-3 treated MOG-immunized mice. Treatment of  the recipients with anti–IL-3 markedly 
reduced the migration of  CFSE-labeled T cells, B cells, and monocytes into the brain. Adoptive transfer of  
CSFE-labeled leukocytes also revealed that monocytes have an almost 10-fold higher predisposition than 
T cells to migrate into the brain. This observation may explain why monocyte numbers remain high in the 
CNS until day 21, while T cells disappear after day 14.

The impact of  IL-3 on leukocyte migration into the brain is consistent with our finding that blockade 
of  IL-3 significantly reduced the cerebral expression of  E-selectin, P-selectin, and CCL5 (RANTES), which 
are known to direct leukocyte migration into the CNS (34, 35, 37). IL-3 turned out to be the most potent 
cytokine for induction of  RANTES by splenocytes, especially CD11b+LyC6+CCR2+ monocytes. IL-3 was 
previously described to induce a prolonged upregulation of  P- and E-selectin on HUVEC, which was not 
achieved by other stimuli like LPS or TNF. However, LPS, TNF, and IL-1β were shown to upregulate the 
IL-3 receptor on endothelial cells and may thereby enhance transendothelial migration of  leukocytes and 
breakdown of  the blood brain barrier (49–52). In addition, local production of  IL-3 in the CNS (e.g., by 
neurons or microglia, refs. 10–12) may also increase expression of  adhesion molecules on leukocytes (e.g., 
on monocytes), facilitating their migration or increasing their half-life in the brain (20).

The involvement of  IL-3 in EAE is further confirmed by our experiments with recombinant IL-3. 
Daily injection of  IL-3 significantly increased development of  EAE. However, EAE symptoms were only 
exacerbated in the late phase of  the disease (day 17–22) but not in the early phase (day 9–16). One reason 
could be the high endogenous expression of  IL-3 in the early phase by infiltrating T cells. Only when T cells 
disappear from the brain and IL-3 expression decreases, the effects of  exogenous IL-3 may become detect-
able. Moreover, i.p. injection of  IL-3 may also induce peripheral activation of  leukocytes, thus facilitating 
their transendothelial migration, and could increase the survival of  T and B cells, as shown previously in 
mice with lupus nephritis (23). Interestingly, injection of  IL-3 mainly increased in the infiltration of  CD4+ 
and CD8+ T cells, indicating that migration of  T cells into the CNS is, to a large degree, dependent on the 
presence of  IL-3, while migration of  monocytes into the CNS is less dependent on IL-3.

In patients with RRMS, we found a marked upregulation of  IL-3 expression by T cells during episodes 
of  relapse compared with healthy controls and with patients in remission. Clinical remission of  MS did 
not completely normalize the IL-3 release, as IL-3 levels were still almost 2-fold increased. In addition, we 
show by serial measurements in individual patients that expression of  IL-3 requires prolonged periods of  
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time to decline after achievement of  clinical remission. IL-3 levels were not significantly reduced in patients 
treated with immunomodulatory drugs (data not shown), suggesting that these medications do not reduce 
IL-3 expression to a major degree.

Together, our data indicate that IL-3 plays an important role in EAE and MS. IL-3 activates several 
leukocyte subsets and endothelial cells to release chemokines, proinflammatory cytokines, and adhesion 
molecules. IL-3 also plays a prominent role for migration of  leukocytes, especially T cells, into the CNS. 
Blockade of  IL-3 may therefore represent a promising new strategy for treatment of  MS.

Methods
Induction of  EAE. C57BL/6N (H-2b) mice were obtained from Charles River Laboratories. IL-3–deficient mice 
(C.129S2(B6)-Il3<tm1Glli>/Rbrc) (53) were obtained from RIKEN BioResource Center and backcrossed for 
6 generations into C57BL/6N. Heterozygous IL-3–deficient mice were crossbread to obtain WT, heterozy-
gous, and homozygous mice. On day 0, female 8- to 12-week-old mice were immunized s.c. at both flanks 
with a total of  200 μl solution containing 200 μg MOG peptide 35-55 (MEVGWYRSPFSRVVHLYRNGK) 
in complete Freund’s adjuvant (Sigma-Aldrich, F5506) containing 1 mg M. butyricum (BD Biosciences, 
264010). On days 0 and 2, mice were injected i.p. with 0.25 μg pertussis toxin from B. pertussis (Sigma-Al-
drich, P7208) dissolved in 200 μl PBS containing 1% BSA. Individual mice were observed daily, and clinical 
scores were assessed by a blinded investigator as follows: 0 = no clinical disease, 1 = loss of  tail tone only, 2 = 
partial paralysis of  hind legs, 3 = complete paralysis of  one or both hind legs, 4 = complete paralysis of  hind 
legs and partial or complete paralysis of  one or both front legs, and 5 = complete paralysis of  all legs or death. 
Mice were kept under specific pathogen free (SPF) conditions in the core animal facility of  the University of  
Regensburg Hospital and obtained water and food ad libitum with a 12-hour light/dark cycle.

Treatment of  mice. Mice were treated as indicated in the figure legends by daily i.p. injection of  50 μg 
purified anti–IL-3 antibody (clone MP2-8F8; Biozol), 50 μg purified and deglycosylated anti–IL-3 antibody 
(clone MP2-8F8) or the same amount of  purified rat IgG (Jackson ImmunoResearch). Alternatively, mice 
were treated by daily i.p. injection of  200 ng recombinant murine IL-3 (Peprotech) or PBS as control. 
Deglycosylation of  the anti–IL-3 antibody was performed overnight at 37°C with Peptide-N-Glycosidase F 
(New England Biolabs) using 2,000 U enzyme for 1 mg antibody and subsequent dialysation against PBS. 
To verify complete deglycosylation by ELISA, plates were coated overnight with various concentrations of  
intact or deglycosylated anti–IL-3 antibody, washed with PBS/0.05% Tween 20, blocked with Carbo-Free 
Blocking Solution, and detected with biotinylated Lens Culinaris Agglutinin followed by Streptavidin-HRP 
(all from Vector Laboratories).

Depletion of  leukocyte subsets and culture of  splenocytes. Splenocytes from immunized and nonimmunized 
mice were depleted of  CD4+ and CD8+ T cells with magnetic beads directed against CD4 and CD8 and 
LD-columns (Miltenyi Biotec). To analyze the MOG peptide–specific release of  cytokines, total spleno-
cytes, or splenocytes depleted of  a specific T cell subset (2 Mio cells/well) were cultured for 3 days with or 
without MOG peptide (20 μg/ml) in 96-well flat-bottom plates in a total volume of  250 μl medium (RPMI 
1640 with 10% heat-inactivated FCS, penicillin/streptomycin, nonessential amino acids, 1 mM sodium 
pyruvate, and 50 μM 2-mercaptoethanol). The concentration of  cytokines (IL-3, IFN-γ, GM-CSF, IL-6, 
TNF) in the culture supernatant was determined by ELISA (BioLegend and BD Biosciences). To measure 
release of  RANTES (ELISA from R&D Systems), total splenocytes, or splenocytes depleted of  CD11b+, 
Ly6C+, or CCR2+ cells were incubated for 24 or 48 hours with various cytokines (all 10 ng/ml, obtained 
from Peprotech) in a volume of  200 μl.

Flow cytometry. Peripheral blood was drawn from the retroorbital venous plexus of  anesthetized mice 
and anticoagulated with EDTA. To prepare single-cell suspensions of  brain tissue, mice were sacrificed 
with carbon dioxide and transcardially perfused with 20 ml NaCl 0.9%. Half  of  the brain was cut into small 
pieces and pressed through a 100-μm cell strainer in a total volume of  1 ml. After centrifugation, cells were 
resuspended in 8 ml 40% Percoll. Percoll (2 ml, 80%) was underlayed and centrifuged for 20 min at 700 × g. 
Cells in the interphase were recovered and washed once in RPMI medium with 10% FCS. The spinal cord 
was flushed out with PBS and prepared in the same manner as the brain to analyze the number of  infil-
trating leukocytes. For flow cytometry, cells were preincubated for 10 minutes on ice with Fc-block (clone 
2.4G2; 5 μg/ml , eBioscience) and then stained with combinations of  directly labeled antibodies for 25 
minutes: anti-CD4 (clone RM4-5, Biolegend), CD8 (clone 53-6.7, Biolegend), anti-CD19 (clone eBio1D3, 
eBioscience), anti-CD11b (clone M1/70, eBioscience), anti-CD45 (cone 30-F11, BD Biosciences), and 
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anti–Ly-6G (clone 1A8, BD Biosciences). Red blood cells were lysed with FACS-lysing solution (BD Bio-
sciences) and samples analyzed on a FACSCantoII (BD Biosciences) with FACSDiva software. Leukocyte 
subsets were identified by their FSC-SSC properties and expression of  surface markers. The number of  cells 
was quantified using counting beads (Invitrogen).

For intracellular staining of  cytokines, splenocytes were activated with PMA (10 ng/ml), ionomycine 
(1 μg/ml), and brefeldin A (5 μg/ml) for 3 hours. After staining with anti-CD4 (RM4-5) and anti-CD8 
(clone 53-6.7) cells were treated with Fix-Perm and Perm-Wash solutions (BD Biosciences) incubated with 
Fc-block (clone 2.4G2; 5 μg/ml) and stained intracellularly with antibodies against IL-3 (clone MP2-8F8, 
BD Biosciences),GM-CSF (clone MP1-22E9, BD Biosciences), IFN-γ (clone XMG1.2, BD Biosciences), 
and IL-17a (clone 17B7, eBioscience).

Quantitative PCR. CNS tissue was snap-frozen in liquid nitrogen. Total RNA was isolated with RNeasy 
Mini Kit (Qiagen GmbH) and reversely transcribed with oligo(dT) and M-MLV reverse transcriptase 
(Invitrogen). Real-time PCR was performed using QuantiTect SYBR Green PCR Kit (Qiagen GmbH) or 
TaqMan Gene Expression Assays (Applied Biosystems) and the Applied Biosystems ViiA 7 Real-Time 
PCR System. The following primers were used: CCL5 (RANTES), 5′-AGCAGCAAGTGCTCCAATCT-3′ 
and 5′-GGGAAGCGTATACAGGGTCA-3′; CXCL1, 5′-ATCCAGAGCTTGAAGGTGTTG-3′ and 
5′-GTCTGTCTTCTTTCTCCGTTACTT-3′; E-selectin, 5′-CAAATCCCAGTCTGCAAAGC-3′and 
5′-ACATTTCATGTTGCCCTGCT-3′; P-selectin, 5′GAGGGAAGAAAGCCAGACG-3′ and 5′-GGC-
GTCCAGGAACCTTTT-3′; and β-actin, 5′-ACCCGCGAGCACAGCTTCTTTG-3′ and 5′-ACAT-
GCCGGAGCCGTTGTCGAC-3′. The following TaqMan probes were used: Mm01545399 (Hprt1), 
Mm00439631 (IL-3), Mm00439619 (IL-17a), Mm01290062 (GM-CSF), and Mm99999071 (IFN-γ). Data 
were analyzed with ViiA 7 Software (Applied Biosystems). The expression of  each gene was calculated 
based on its standard curve and the CT of  signal detection and is presented relative to expression of  Hprt1 
for IL-3, IL-17, IFN-γ, and GM-CSF or β-actin for CCL5 and CXCL1.

Patient characteristics. The characteristics of  the individuals are presented in Supplemental Table 1. The 
mean age of  the controls (n = 21) was 31 years, with n = 14 females and n = 7 males. The mean age of  the 
group with RRMS with active disease (n = 19) was 35 years, with n = 13 females and n = 6 males. The 
mean duration since diagnoses of  MS was made was 1.8 years and the Expanded Disability Status Scale 
(EDSS) was in mean 2.5. The mean age of  the group with RRMS with inactive disease (n = 30) was 41 
years, with n = 24 females and n = 6 males. The mean duration since diagnoses of  MS was made was 7 
years, and the EDSS was in mean 1.7.

Purification and activation of  human PBMC. PBMC were isolated from heparinized blood samples on 
Lymphoprep density gradients (Nyegaard; 200 g, 25 min, room temperature) as described (54). Cells were 
frozen at a density of  5 × 106 cells/ml in freezing media (FM) containing 40% FBS, 10% DMSO, and 50% 
complete media (CM) consisting of  RPMI 1640 supplemented with 2 mM glutamine, 100 units/ml of  
penicillin, 100 μg/ml of  streptomycin, and 10% heat-inactivated FBS in liquid nitrogen. The cells were 
recovered by thawing in a 37°C water bath until the cells reached the melting point and then by adding 1 
ml CM per 5 × 106 cells 3 times every 5 minutes at room temperature. Thereafter, the cells were washed 3 
times in CM and resuspended at a density of  1 × 106/ml in CM. The viability was 90%–95%. PBMCs (5 × 
105) were cultured in 200 μl medium (RPMI 1640 with 10% heat-inactivated FCS, penicillin/streptomycin, 
nonessential amino acids, 1 mM sodium pyruvate, and 50 μM 2-mercaptoethanol) per well in triplicate and 
stimulated with anti-CD3 (5 μg/ml, clone: OKT3 , eBiosciences) for 3 days. The supernatant was collected, 
and the IL-3 concentration was measured by ELISA using newly generated monoclonal antibodies against 
IL-3 (clone 13 and clone 11). ELISA plates were coated with 5 μg/ml clone 13 overnight at 4°C, washed 
and blocked with PBS/1% BSA. The supernatant was applied for 1 hour at room temperature, and bound 
IL-3 was detected with 0.4 μg/ml HRP-labeled clone 11 diluted in PBS/1% BSA. Washing steps were 
performed with PBS/0.05% Tween20. The ELISA did not show any crossreactivity with closely related 
cytokines like GM-CSF or IL-5 and had a sensitivity below 10 pg/ml IL-3.

Statistics. Data are represented as mean. Error bars indicate ±SEM. Significance was calculated with a 
one-sided Students t test or with one-sided ANOVA tests. A P value less than 0.05 was considered significant.

Study approval. The EAE experiments were approved by the governmental administration of  the Ober-
pfalz (54-2352 1-35/12). The analysis of  human blood samples was approved by the Ethics Committee 
of  the University of  Regensburg (Approval number 12-101-0004). All patients with MS and controls gave 
written consent before blood drawing.
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