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Therapeutic effect of baicalin 
on experimental autoimmune 
encephalomyelitis is mediated by 
SOCS3 regulatory pathway
Yuan Zhang1,2,*, Xing Li1,2,*, Bogoljub Ciric1, Cun-Gen Ma3, Bruno Gran4, 
Abdolmohamad Rostami1 & Guang-Xian Zhang1

Natural compounds derived from medicinal plants have long been considered a rich source of 
novel therapeutic agents. Baicalin (Ba) is a bioactive flavonoid compound derived from the root 
of Scutellaria baicalensis, an herb widely used in traditional medicine for the treatment of various 
inflammatory diseases. In this study, we investigate the effects and mechanism of action of Ba in 
experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS). Ba 
treatment effectively ameliorated clinical disease severity in myelin oligodendrocyte glycoprotein 
(MOG)35–55 peptide-induced EAE, and reduced inflammation and demyelination of the central 
nervous system (CNS). Ba reduced infiltration of immune cells into the CNS, inhibited expression 
of proinflammatory molecules and chemokines, and prevented Th1 and Th17 cell differentiation via 
STAT/NFκB signaling pathways. Further, we showed that SOCS3 induction is essential to the effects 
of Ba, given that the inhibitory effect of Ba on pathogenic Th17 responses was largely abolished 
when SOCS3 signaling was knocked down. Taken together, our findings demonstrate that Ba  
has significant potential as a novel anti-inflammatory agent for therapy of autoimmune diseases  
such as MS.

Multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE), are 
inflammatory demyelinating diseases of the central nervous system (CNS)1,2. EAE can be induced by 
immunization with myelin antigens or adoptive transfer of myelin-specific CD4 +  T cells that mediate 
the destruction of myelin and neural axons3. Based on distinctive cytokine secretion and transcription 
factor expression, effector CD4 +  T cells are classified in at least four major subsets, i.e., Th1, Th2, Th17, 
and regulatory T (Treg) cells4,5. Complex cytokine networks are critical for determining CD4 +  T cell fate 
and, in general, more than one cytokine is required for differentiation to any particular subset6. For Th1 
differentiation, IL-12 and IFN-γ  are two important cytokines. Many cytokines including IL-4, IL-2, and 
IL-7 may be involved in Th2 differentiation. While TGF-β  promotes Th17 differentiation in the presence 
of IL-6, it also induces Treg cell differentiation in the presence of IL-2 and absence of IL-65–7.

While the precise contribution of each Th subset to autoimmunity is still debated, it is generally 
accepted that Th1 and Th17 cells are pro-inflammatory subsets responsible for inducing autoimmune 
and inflammatory processes, while Tregs have protective and anti-inflammatory effects6–8. Currently 
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approved therapies for MS either have limited efficacy or pose significant safety concerns1. Thus, dis-
covering new drugs that specifically target pathogenic Th1 and Th17 cells, while sparing other immune 
cells, is important for the development of more effective MS treatment. Recently, research exploring novel 
anti-inflammatory or immunomodulatory drugs derived from medicinal plants has attracted a great 
deal of attention9,10. These plants represent a rich source of natural compounds for the identification of 
safe and effective candidate drugs with novel targets and/or mechanism of action in the treatment of 
autoimmune diseases.

Scutellaria baicalensis is a well-known medicinal plant that has been widely used in Asia for centuries 
in the treatment of inflammation, allergy, and bacterial and viral infections11,12, but whose mechanism 
of action remains undefined. Baicalin (Ba), a bioactive flavonoid compound derived from the root of  
S. baicalensis, is thought to be the major component responsible for the biological effects of this medic-
inal plant12. Ba exhibits anti-inflammatory, anti-tumor, anti-oxidant, anti-apoptotic, anti-viral, and anti-
bacterial properties13–17, indicating its potential as a treatment for autoimmune diseases. Preliminary 
evidence has linked these properties of Ba to inducing inflammatory cell apoptosis, promoting Treg cell 
differentiation and regulatory activity, inhibiting T-cell proliferation, suppressing IFN-γ  and increasing 
IL-4 production18–20. Although these results are encouraging, more direct evidence is needed on the 
beneficial effect and molecular mechanisms of Ba in autoimmunity. In particular, the effect of Ba on 
the immunopathogenesis of autoimmune inflammatory diseases, e.g., pro-inflammatory action of Th17 
cells, has not been studied. To address these questions, in the present study we used the EAE model to 
investigate the potential therapeutic effects and underlying mechanism of Ba in inflammatory/autoim-
mune disorders. The treatment efficacy of Ba in EAE made it possible to identify the cell types and signal 
pathways involved in the regulatory actions of Ba.

Results
Ba effectively ameliorates clinical EAE. To determine the anti-inflammatory properties of Ba, we 
examined its effects in EAE. By testing different doses, we found that Ba at 100 mg/kg/d is optimal for 
suppressing EAE (Fig. s1); this dose was therefore chosen for all subsequent in vivo experiments. For 
the prophylactic treatment regimen, Ba administration starting from day 0 post immunization (p.i.) 
resulted in delayed onset and significantly decreased disease severity compared to PBS-treated con-
trol mice (P <  0.01; Fig. 1a and Table s1). In the therapeutic regimen, Ba administration starting from 

Figure 1. Ba Ameliorates Clinical Symptoms of EAE. C57BL/6 mice were injected i.p. with PBS (● ) or Ba 
(100 mg/kg, ○ ) daily (a) at the day of EAE induction, (b) day 10 p.i. (disease onset), (c) day 15 p.i. (disease 
peak), or (d) during the indicated time points. Results are shown as mean ±  SEM (n =  5 each group).  
(e) Disease distribution at the end points of experiment, and (f) incidence of disease severity at the end points 
of experiment when treatment started at day 10 p.i. Disease severity is graded as severe (clinical score: >  3), 
moderate (clinical score: 1.5–3), mild (clinical score: < 1.5) or none (no clinical signs). One representative of 
three independent experiments is shown in a, b, and c. The data in d, e, and f came from three independent 
experiments when Ba was injected from day 10 p.i. (n =  5–6 each group). **P <  0.01; ***P <  0.001.
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Figure 2. Ba Treatment Reduced CNS Inflammation. Ba- or PBS-treated control EAE mice described 
in Fig. 1c (treatment protocol) were sacrificed at day 30 p.i., and spinal cords were harvested. Sections at 
lumbar level (L3) were analyzed (a) by H&E (for inflammation; left) and Luxol fast blue (LFB) (for degree 
of demyelination; right), and (b) pathology scores of inflammation and demyelination are expressed as 
mean ±  SD (n =  6 each group). The absolute numbers of MNCs in the CNS of above mice were counted 
(n =  3 each group) (c), and expression of cytokine (d) and chemokine (e) genes was determined using  
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disease onset (day 10 p.i.) or its peak (day 15 p.i.) effectively suppressed EAE progression (Fig.  1b,c). 
Improvement in clinical signs was observed 1–2 days after Ba injection, and the effect persisted until 
the end of the experiment. To investigate the lasting effect of Ba administration, treatment was started 
from disease onset (day 14 p.i.) and stopped when disease development was significantly suppressed by 
Ba (average clinical score < 1.5, day 19 p.i.). Recurrence of disease signs was observed 7–8 days after 
stopping Ba treatment, while re-exposure of these mice to the same treatment of Ba resulted in a signif-
icant suppression of clinical signs (Fig. 1d), suggesting the necessity for continuous daily use. Together, 
Ba treatment substantially reduced disease severity (Fig.  1e,f and Table s1); the majority of Ba-treated 
EAE mice displayed mild or moderate signs, while severe disease was only observed in PBS-treated mice 
(Fig. 1f). These results suggest that Ba has a significant therapeutic effect in EAE.

Ba Treatment Reduces CNS Inflammation. To assess the effects of Ba on EAE-associated CNS 
pathology, lumbar spinal cords were obtained from Ba-treated and control mice. Analysis of CNS tis-
sue sections demonstrated significantly reduced inflammation and demyelination in Ba-treated animals 
(Fig. 2a, right) when compared with control group (Fig. 2a, left). The pathological scores of mice treated 
with PBS or Ba differed significantly (P =  0.031 for the infiltration score and P =  0.022 for the demyeli-
nation score) (Fig. 2b). The number of mononuclear cells (MNCs) isolated from the CNS of Ba-treated 
mice was markedly reduced compared with that of vehicle-treated mice (P =  0.016; Fig. 2c).

To determine how Ba administration inhibits inflammatory cell infiltration, we assayed cytokine/
chemokine gene expression in the spinal cords of PBS- and Ba-treated EAE mice. As shown in Fig. 2d,e, 
expression of inflammatory cytokines, including IL-17 A, IFN-γ , GM-CSF, IL1-β , IL-6, IL-1 and IL-23, 
was substantially reduced in mice treated with Ba (Fig. 2d). Ba treatment also inhibited production of 
TGF-β  (Fig. 2d), a cytokine that plays roles in induction of Tregs21 and Th17 cells22. It has been reported 
that inducible nitric oxide synthase (iNOS) plays various roles in EAE23. We found elevated levels of 
iNOS in the lumbar spinal cord of mice with EAE that were markedly reduced by Ba treatment (Fig. 2d). 
Expression of matrix metalloproteinase MMP3 and virtually all the chemokines we tested, including 
those induced by IFN-γ  signaling (CXCL-9, CXCL-10 and CXCL11) and by IL-17 signaling (CXCL1, 
CXCL2, CCL20)24, was significantly reduced (Fig.  2e). Ba treatment resulted in significantly decreased 
percentages and absolute numbers of CD4+ and CD8 T cells in the CNS as determined by flow cytometry 
(P <  0.01) (Fig. 2f,g). However, the percentages of these cells in the spleen remained unaltered (Fig. s2). 
In addition, splenocytes of Ba-treated mice showed a lower proliferative response to MOG35–55 peptide 
than those of PBS-treated mice (P <  0.001), while proliferation in response to a non-specific stimulus 
concanavalin A (Con A) did not differ (Fig. 2h). The reason for this phenomenon could be that, while 
MOG-specific T cells were activated and proliferated during EAE progression, this was significantly 
suppressed by Ba treatment. Therefore, the starting percentage and absolute number of MOG-specific T 
cells in Ba-treated mice were remarkably lower than in PBS controls in ex vivo cultures, resulting in a 
lower proliferation response to MOG35–55 peptide. By contrast, non-MOG-specific T cells, the majority 
of the T cell population, were in a resting state in EAE mice, and were thus not affected by Ba treatment; 
consequently, these cells retained the same normal proliferation response to Con A ex vivo as those from 
the PBS-treated group. This notion is also supported by our observation that Ba treatment in naïve B6 
mice did not influence their T cell proliferative response to Con A when compared to PBS-treated mice 
(Fig. s7b).

Th1 and Th17 Cell Subsets were Selectively Suppressed by Ba Treatment via the STAT and 
NF-κB Signaling Pathways. The decreased numbers of CD4+ T cells in the CNS of mice treated 
with Ba prompted us to investigate which subsets among these cells were affected. Ba significantly 
reduced the percentages of MOG-reactive Th1 (CD4+IFN-γ +) and Th17 (CD4+ IL-17+) cells, both in 
the spleen (P =  0.0005 and P =  0.0067, respectively) and the CNS (P =  0.0028 and P =  0.0006, respec-
tively) compared with the vehicle control, while numbers of Th2 (CD4+IL4+) and Treg (CD4+Foxp3+) 
cells did not differ (Fig.  3a,b). Consistent with this, production of IFN-γ  and IL-17 was significantly 
reduced by Ba treatment (P <  0.001, Fig. 3c). We also showed that GM-CSF, a critical cytokine in Th17 
cell pathogenicity24, was significantly decreased by Ba treatment (P <  0.001, Fig. 3c). In contrast, low but 
detectable levels of the Th2 cytokines IL-4 and IL-5 were not affected by Ba (Fig. 3c). Anti-inflammatory 
cytokine IL-10 showed only a small, but significant, increase (Fig. 3c). We also defined the effect of Ba on 

real-time RT-PCR analysis, and their relative expression was calculated by log2 of − Δ Δ Ct values from 
triplicate of PCR. More than two fold changes (log2 <  − 1 or log2 >  1) were considered significant between 
groups (red dotted line). (f) The percentage of CD4+ or CD8+ in the lymphocyte gate of the CNS of 
the above mice was analyzed by flow cytometry. (g) Absolute numbers of CD4+ or CD8+ cells in spinal 
cord were calculated (n =  5 each group). (h) Splenocytes of Ba- or PBS-treated EAE mice were isolated, 
stimulated with MOG35–55 (25 μ g/ml) or Con A (5 μ g/ml) and examined for proliferation at 72 h culture 
using BrdU incorporation assay (n =  6 each group). Data are expressed as mean ±  SEM. **P <  0.01; 
***P <  0.001. One representative of three experiments is shown.
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Figure 3. Th1 and Th17 cell subsets are selectively reduced by Ba via STAT and NF-κB signaling 
pathways. EAE mice were treated with Ba or PBS starting at day 10 p.i. and splenocytes or CNS MNCs from 
these mice were harvested at day 18 p.i. (a) Subsets of Th1, Th17, Th2, and Treg cells in CD4+ gate were 
analyzed by intracellular staining of IFN-γ , IL-17, IL-4, and Foxp3, following stimulation with MOG35–55 
(25 μ g/ml) for 72 h for spleen or with MOG35–55 (10 μ g/ml) for 24 h for CNS cells. (b) Percentages of cells 
positive for these cytokines in CNS (up) and spleen (down) are expressed as mean ±  SEM (n =  3 each 
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cytokine production of splenocytes from untreated EAE mice in vitro. Ba significantly suppressed IFN-γ , 
IL-17 and GM-CSF, and up-regulated IL-10 production in vitro (Fig. s3).

In parallel, expression of key transcription factors T-bet for Th1 cells and ROR-γ t for Th17 cells, but 
not Foxp3 for Treg, was significantly reduced in splenocytes derived from Ba-treated EAE mice (Fig. 3d). 
Interestingly, expression of GATA3, the master regulator for the Th2 subset, was increased significantly 
(P <  0.001, Fig. 3d). These results suggest that Ba suppresses EAE by halting Th1 and Th17 cell develop-
ment, and may induce immunoregulatory cytokines. Because STAT transcription factors play a crucial 
role in the differentiation of Th cells25, we hypothesized that Ba exerted regulatory effects on Th1 and 
Th17 development through direct inhibition of a STAT pathway. To this end, splenocytes isolated from 
Ba- or PBS-treated EAE mice were cultured in the presence of MOG35–55 for 72 h, and then analyzed for 
phosphorylation of the key STAT molecules. As shown in Fig. 3e, consistent with the reduction in num-
bers of Th1 and Th17 cells, levels of phosphorylated (p)-STAT1 and p-STAT4 for Th1 cells and p-STAT3 
for Th17 cells were decreased.

We further addressed the effect of Ba treatment on antigen presenting cells, e.g., dendritic cells (DCs) 
and macrophages/microglia. To this end, splenocytes and CNS MNCs of Ba- or PBS-treated EAE mice 
were isolated at day 18 p.i. and expression of co-stimulatory molecules CD80 and CD86 on CD11b+ 
(macrophages/microglia) and CD11c+ (DCs) cells was analyzed by flow cytometry. Results demonstrated 
that, while Ba- and PBS-treated mice had similar percentages of CD11b+ cells in the CNS and spleen, a 
reduced percentage of CD11c+ DCs was observed in the Ba-treated group compared to the PBS-treated 
group. Further, DCs and macrophages/microglia in the Ba-treated group expressed reduced levels of 
CD80 and CD86 in both CNS MNCs and splenocytes compared to PBS-treated mice (Fig. s4). These 
results suggest that Ba inhibited APC activation during EAE development.

The NF-κ B pathway has been implicated in the pathogenesis of autoimmune diseases26, and the fact 
that Ba downregulated NF-κ B activation in kidney cells27 led us to hypothesize that Ba acts mainly 
through immune-regulating mechanisms. We found that, while there was basal phosphorylation of 
NF-κ B p65 and Iκ B-α  in splenocytes of naïve control mice, significantly elevated phosphorylation 
of NF-κ B p65 (3.9 ±  0.3-fold, P <  0.01) and Iκ B-α  (2.8 ±  0.1-fold, P <  0.01) was present in spleen of 
vehicle-treated EAE mice. In contrast, in BA-treated EAE mice, phosphorylation of NF-κ Bp65 and Iκ B-α  
was significantly decreased to 49.2 ±  5.7% and 66.9 ±  7.5% (P <  0.01), respectively, compared with con-
trol EAE mice, while total NF-κ B expression was not affected (Fig. 3f).

Taken together, these data suggest that the therapeutic effect of Ba results from a selective inhibition 
of STAT and NF-κ B pathways in vivo.

Ba inhibits encephalitogenicity of Th cells in Adoptive EAE. To test the effect of Ba on the 
pathogenicity of Th1 and Th17 cells, we prepared single-cell suspensions from spleen and lymph nodes 
of mice that had been immunized with MOG35–55 seven days earlier and cultured them under Th1 
(MOG35–55 + IL-12) or Th17 (MOG35–55 + IL-23) polarizing conditions in the presence or absence of 
Ba for 3 days. The resulting cells were analyzed for the percentage of T cell subsets, expression of tran-
scription factor, adhesion molecules and activation markers by flow cytometry. Ba treatment signifi-
cantly reduced numbers of IFN-γ - and IL-17-producting cells under Th1 and Th17 polarizing conditions, 
respectively (P <  0.001), while the numbers of Th2 (CD4+IL-4+) and Treg (CD4+ Foxp3+) cells did not 
differ (Fig. 4a,b). Consistent with this observation, expression of key transcription factors T-bet for Th1 
cells and ROR-γ t for Th17 cells, but not Foxp3 for Treg, was significantly decreased in the presence of 
Ba under Th1 or Th17 polarizing conditions (P <  0.01, Fig.  4a,b). Surface epitopes such as adhesion 
molecules (VLA-4 and ICAM-1) and T cell activation markers (CD62LlowCD44hi) were also significantly 
inhibited under Ba treatment (Fig. 4a,b). These results indicated that Ba inhibits encephalitogenicity of 
Th cells by suppressing production of pro-inflammatory cytokines, crucial adhesion molecule expression 
and T cell activation.

Then we transferred the cultured T cells mentioned above into naïve recipient mice to evaluate the 
pathogenic activates. As shown in Fig.  4c,e, clinical EAE was developed in the recipient mice having 
received T cells that had not been exposed to Ba. Ba treatment completely abolished the encephali-
togenicity of Th17 cells (Fig.  4e), and significantly inhibited encephalitogenicity of Th1 cells (Fig.  4c). 
Consistent with clinical observations, Ba treatment significantly suppressed inflammatory infiltration of 
Th1 (CD4+IFN-γ +, Fig. 4d) or Th17 (CD4+IL-17+, Fig. 4f) cells into the CNS of recipients (P <  0.01 and 
P <  0.001, respectively). To further evaluate the extent of demyelination, spinal cords were collected from 

group). (c) Supernatants derived from splenocyte cultures described in (a) were analyzed for the level 
of indicated cytokines (mean ±  SEM; n =  6 each group). (d) mRNA levels of T-bet, RORγ t, GATA3, and 
Foxp3 from spleens of EAE mice treated with Ba or PBS were analyzed by real-time PCR. (e) Splenocytes 
were cultured in the presence of MOG35–55 (25 μ g/ml) for 72 h and analyzed by intracellular staining for 
phosphorylation level of indicated STAT proteins. (f) Supernatants from cell cultures in (c) were analyzed 
for phosphorylated Iκ Bα , NF-κ B p65, and phosphorylated NF-κ B p65 by PathScan Inflammation Multi-
Target Sandwich ELISA Kit (n =  6 each group). Data are expressed as mean ±  SEM. #, *P <  0.05; **P <  0.01; 
***P <  0.001. One representative of three experiments is shown.
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adoptive transfer recipients at disease peak, and MBP expression was examined by immunohistochem-
istry. As shown in Fig. 4g,h, demyelinated lesions were detected by reduced MBP density in the white 
matter of the lumbar region of spinal cords of untreated Th1/Th17 cell-induced EAE mice, whereas mice 
injected with Ba-treated Th1/Th17 cells exhibited much smaller demyelinated areas. Similar results were 
observed in sections from the brain stem region (data not shown). All together, these data demonstrate 
that Ba effectively inhibited encephalitogenicity of Th1 and Th17 cells in adoptive EAE, with a more 
profound effect on Th17 cells.

Ba exerts Therapeutic Effects on EAE by Suppressing Th1 and Th17 Cell Development. To 
further elucidate the mechanism underlying the effect of Ba on CD4+ T cells, we characterized its effect 
on Th1 and Th17 differentiation and proliferation in vitro. We first measured viability and apoptosis of 
T cells in different Ba concentrations in order to find the optimal conditions for in vitro experiments  
(Fig. s5). Up to 20 μ g/ml, an effective concentration, Ba did not affect cell viability, which was decreased in 
concentrations ≥ 50 μ g/ml of Ba (Fig. s5a). Also, 5-20 μ g/ml concentrations did not significantly increase 
the percentage of apoptotic cells (Fig. s5b), indicating that Ba lacks cytotoxicity toward CD4+ T cells at 
concentrations up to 20 μ g/ml. We then measured CD4+ T cell proliferation under Ba treatment with the 
BrdU incorporation test (Fig. s5c). Ba suppressed CD4+ T cell proliferation in a dose-dependent manner 
(5–20 μ g/ml). Together, these results show that the observed suppression of CD4+ T cell proliferation by 
Ba is not due to cell death.

Under Th1-polarizing conditions, approximately 60% of CD4+ cells were IFN-γ + in the PBS-control 
group, and Ba treatment significantly inhibited Th1 cell differentiation in a dose-dependent manner 
(Fig.  5a). While the presence of Ba at a dose of 5 μ g/ml during differentiation reduced Th1-polarized 
(IFN-γ -producing) CD4+ T cells by one half (25.4 ±  2.45% vs. 62.3 ±  4.75% in control, P <  0.01), Th1 

Figure 4. Ba inhibited the capacity of Th1/Th17 cells to induce adoptive EAE. For adoptive transfer EAE, 
single-cell suspensions were derived from spleen and lymph nodes of EAE mice at day 10 p.i. MOG (25 μ g/ml) 
plus IL-12 (10 ng/ml) or IL-23 (10 ng/ml) were added to cultures in the presence or absence of Ba  
(10 μ g/ml) for 3 days. The resulting cells were analyzed by flow cytometry under (a) Th1 (MOG35–55 +  IL-12) 
or (b) Th17 (MOG35–55 +  IL-23) polarizing conditions. Cultured T cells mentioned above were i.v. injected 
into naïve female C57BL/6 mice, 8–10 weeks of age, at 3 ×  107 Th1 cells per mouse (c) or 1.5 ×  107 Th17 
cells per mouse (e). Mice were observed daily for EAE severity. At day 18 post injection, CNS MNCs from 
these mice were harvested and analyzed by flow cytometry. Absolute numbers of IFN-γ + (d) or IL-17+  
(f) cells were calculated by multiplying the total numbers of MNCs and percentage of IFN-γ + or 
IL-17+ cells in CD4+ gate. Lumbar spinal cords were isolated for immunohistochemistry. (g) MBP 
immunohistochemistry on spinal cord sections of mice adoptively transferred Th1/Th17 cells mentioned 
above. (h) Quantitative analysis of MBP intensity measured at random areas in the white matter of spinal 
cords using Imagepro. Data are expressed as mean ±  SEM (n =  5 each group). *P <  0.05; **P <  0.01; 
***P <  0.001. One representative of three experiments is shown.
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cell differentiation was more effectively suppressed at higher doses of Ba, e.g., 10–20 μ g/ml (6.36 ±  2.22% 
and 2.85 ±  1.14%, respectively, both P <  0.001). In agreement with this, IFN-γ  production and expression 
were suppressed by Ba (Fig. 5b, c), which correlated with decreased T-bet expression (Fig. 5d), as well as 
decreased STAT1 and STAT4 phosphorylation (Fig. 5e). These results suggest that Ba hinders Th1 differ-
entiation by inhibiting its key players, T-bet, STAT1 and STAT4. We also investigated the effect of Ba on 
already differentiated Th1 cells. Ba inhibited CD4+ IFNγ + cells in a dose-dependent manner (Fig. 5f), 
and reduced their proliferation (Fig. 5g).

Ba also significantly inhibited Th17 cell differentiation (Fig. 6a) and reduced IL-17 A production and 
expression in a dose-dependent manner (5–20 μ g/ml) (Fig. 6b,c). RORγ t is the master regulator for Th17 
differentiation, and STAT3 is the key transducer of IL-6, IL-21, and IL-23 signaling28,29. Consistent with 
its effect on Th17 differentiation, Ba suppressed RORγ t expression (Fig. 6d) as well as its upstream event, 
STAT3 phosphorylation (Fig. 6e), under Th17 polarizing condition. Further, we found that addition of 
Ba into already differentiated Th17 cells reduced the percentage and proliferation of CD4+ IL-17+ cells 
in a dose-dependent manner (Fig. 6f,g). These results, together with those shown in Fig. 5, indicate that 
Ba suppresses the differentiation and proliferation of both Th1 and Th17 cells.

Given that Ba treatment in vivo induced expression of GATA3, the key transcription factor for Th2 
(Fig.  3d), we then determined the in vitro effect of Ba on Th2 differentiation. Under a Th2-polarizing 
condition, approximately 40% of CD4+ cells were IL-4+ in the PBS-treated group, and this was mildly, 
but significantly, increased by Ba treatment in a dose-dependent manner (P <  0.05, Fig. S6a,b). These 
data suggested a shift toward an anti-inflammatory phenotype by Ba. Consistently, expression of GATA3 
was also significantly increased in the presence of Ba in a dose-dependent manner under Th2 polarizing 
condition (P <  0.001, Fig. s6c).

Figure 5. Role of Ba in Th1 cell differentiation and proliferation. Purified naïve CD4+ T cells were 
cultured with different concentrations of Ba under Th1 polarizing conditions and analyzed at 3 days of 
culture. (a) The percentage of Th1 cells in CD4+ T cells was analyzed by intracellular IFN-γ  secretion.  
(b) IFN-γ  production in culture supernatants was analyzed by ELISA. (c) IFN-γ  mRNA levels were analyzed 
by real-time PCR. Intracellular levels of T-bet (d) and phosphorylation of STAT1 and STAT4 (e) of CD4+ 
T cells was analyzed using flow cytometry. (f) The above-mentioned differentiated Th1 cells were rested, 
washed and cultured for a second stimulation with IL-12 in the presence of Ba. Percentage of Th1 cells was 
analyzed by intracellular staining of IFN-γ . (g) Proliferation of pre-differentiated Th1 cell was measured by 
BrdU incorporation assay. The same cell preparations as in (f) were labeled with BrdU for 24 h of culture. 
Data are expressed as mean ±  SEM (n =  5 each group). **P <  0.01; ***P <  0.001. One representative of three 
experiments is shown.
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Ba Suppresses Th17 Cell Development by Up-Regulating Expression of SOCS3. Next, we 
investigated the upstream signaling events involved in the alteration of Th1/Th17 responses by Ba. Given 
that suppressor of cytokine signaling 3 (SOCS3) plays an important role in inhibiting Th17 response30 as 
well as Th1 response31, we tested if SOCS3 plays a role in the effects of Ba. Indeed, upon Ba treatment, 
SOCS3 expression was increased in CD4+ T cells in Ba-treated EAE mice both in vivo (Fig.  7a, left) 
and in vitro (Fig. 7a, middle and right). The basal level of SOCS3 expression was detected during Th17 
polarization, while its expression was significantly elevated by Ba in a dose-dependent manner (approxi-
mately 6~10-fold higher). Upon 20 μ g/ml treatment, SOCS3 expression was up-regulated as early as 1 h, 
continued to peak at 4 h and remained elevated for at least 24 h.

To further confirm that Ba induces SOCS3 expression, CD4+ T cells were transfected with a 1619-bp 
long murine SOCS3 promoter-GFP reporter and treated with Ba at different doses. As shown in Fig. 7b, 
Ba produced a robust (approximately tenfold) induction of SOCS3 promoter activity in a dose depend-
ent manner. Further, while Ba treatment induced SOCS3 expression, this capacity was diminished when 
SOCS3-siRNA (siSOCS3) was added to the culture (Fig.  7c left), confirming the success of SOCS3 
knockdown.

The causal relationship between Ba-induced SOCS3 expression and the inhibition of Th17 cell devel-
opment was verified by knockdown of SOCS3 expression with lentivirus-delivered siRNA (LV-siRNAs). 
As shown in Fig.  7c (right), SOCS3 knockdown resulted in high RORγ t expression in CD4+ T cells, 
and adding Ba to these cells inhibited this expression, which remained at a comparable level to cells 
treated with PBS and control siRNA. Interestingly, Ba-induced Th17 suppression was largely abolished 
by blocking expression of SOCS3 (Fig.  7d). It was evident that, when SOCS3 was knocked down in 
CD4+ T cells, Ba treatment had little effect on RORγ t expression (Fig.  7c), Th17 cell differentiation 
(Fig. 7d), and STAT3 phosphorylation (Fig. 7e), confirming a SOCS3-dependent mechanism underlying 

Figure 6. Role of Ba in Th17 cell differentiation and proliferation. Naïve CD4+ cells were cultured with 
different concentrations of Ba under the Th17 polarizing condition at 3 days of culture. (a) Percentage of 
Th17 cells was analyzed by intracellular staining of IL-17. (b) Culture supernatants were analyzed for IL-17 
production. (c) IL17a mRNA levels were analyzed by real-time PCR. Intracellular levels of RORγ t (d) and 
phosphorylation of STAT3 (e) were analyzed using flow cytometry. (f) The above-mentioned differentiated 
Th17 cells were rested, washed and cultured for a second stimulation with IL-23 in the presence of Ba. 
Percentage of Th17 cells was analyzed by intracellular staining of IL-17. (g) Proliferation of pre-differentiated 
Th17 cell was measured by BrdU incorporation assay. The same cell preparations as in F were labeled with 
BrdU and cultured for 24 h. Data are expressed as mean ±  SEM. (n =  5 each group). **P <  0.01; ***P <  0.001. 
One representative of three experiments is shown.
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the inhibition of Th17 cell differentiation by Ba. In conclusion, our data demonstrate that Ba significantly 
increased expression of SOCS3, which subsequently prevented the phosphorylation of STAT3, resulting 
in decreased development of Th17 cells.

Figure 7. Induction of SOCS3 underlies inhibition of Th17 cell differentiation by Ba. (a) SOCS3 
expression was determined by real-time PCR in CD4+ T cells from spleens of Ba- or PBS-treated EAE mice 
(left), or in naïve CD4+ cells under Th17 cell differentiation conditions at different concentrations of Ba 
(middle) and harvested at time points indicated, with a concentration of Ba at 20 μ g/ml (right). (b) SOCS3 
promoter activity was determined in CD4+ T cells transfected with a 1619-bp murine SOCS3 promoter-GFP 
reporter in the presence of Ba (5–20 μ g/ml). GFP expression and production were determined by RT-PCR 
and flow cytometry. (c) SOCS3 (left) and RORγ t (right) expression in CD4+ T cells transfected with SOCS3-
specific or control LV-siRNAs under Th17 cell polarization conditions in the presence or absence of Ba 
(20 μ g/ml). IL-17 A production (d) and STAT3 phosphorylation (e) were measured by flow cytometry and 
ELISA in CD4+ T cells cultured in conditions described in C. Data are expressed as mean ±  SEM. (n =  5). 
*P <  0.05; **P <  0.01; ***P <  0.001. One representative of three experiments is shown.
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Safety consideration of Ba treatment. Ba has been safely used for treatment in several animal 
models of diseases, e.g., collagen-induced arthritis in rats11, murine adjuvant-induced arthritis32, murine 
model of polymicrobial sepsis13, rat model of Alzheimer’s disease33 and renal ischemia-reperfusion injury 
in rats27. Further, pharmacokinetic properties of Ba have been well investigated34. Both oral administra-
tion and i.p. injection were used for Ba treatment at a wide range of dosage (10~800 mg/kg/day) in var-
ious animal models11, 13, 27, 32, 33, 35–38. Due to baicalin’s poor solubility in water, its absolute bioavailability 
after oral administration is only 2.2%39. Therefore, in the present study, we chose i.p. injection daily with 
the dosage of 100 mg/kg/day based on our dose optimization study.

Naïve female C57BL/6 mice (6–8 weeks old) were injected i.p. daily with PBS or Ba at 100 mg/kg/day, 
the same dosage as for treating EAE mice, and the administration continued for 28 d. Body weights of 
mice were recorded and blood was analyzed for red blood cell count, hemoglobin concentration, white 
blood cell count and platelet count by the automated hematologic analyzer after the last administration. 
For ex vivo proliferation, splenocytes were isolated from PBS- and Ba-treated mice, and stimulated with 
or without Con A (5 μ g/ml). Ba treatment did not lead to weight loss (Fig. s7a), total number of spleno-
cytes and T cell proliferative response to Con A (Fig. s7b), or to major hematopoietic changes (Fig. s7c), 
indicating an acceptable safety of this compound in vivo.

Discussion
Natural compounds derived from medicinal plants have long been considered a rich source of novel ther-
apeutic agents. Scutellaria baicalensis, of which Ba is the major active compound12, has been used as an 
anti-inflammatory drug in traditional herbal medicine and has recently shown a good safety record11,12. 
We in the present study demonstrate that Ba effectively suppressed EAE via SOCS3-induced inhibition 
of Th1 and Th17 cell differentiation. At effective doses, Ba treatment only moderately inhibited T cell 
proliferation, without discernible effects on T cell viability or apoptosis in vitro, and minimally affected 
the entire T cell response in vivo. These results highlight the potential of Ba as an immunomodulatory 
agent with minimal side effects.

One important limitation in using natural product derivatives to treat disease is our often limited 
knowledge of their mechanisms of action, which adds to our misgivings about clinical use. While it 
has been suggested that Ba suppresses development of EAE in SJL/J mice and rats18,20 by inducing IL-4 
and inhibiting IFN-γ 18, as well as by promoting apoptosis of inflammatory cells in the spinal cord20, the 
mechanism of Ba action in the differentiation and function of various Th cell subsets in autoimmune 
disease has not yet been described. In the present study we demonstrate that Ba can regulate differen-
tiation and activity of Th17 and Th1 cells without affecting Th2 and regulatory T cells. This was first 
demonstrated by diminished Th1/Th17 response in EAE mice treated with Ba and further substantiated 
by adoptive-transfer experiments showing the loss of encephalitogenicity in Ba-treated, MOG-specific 
Th17 cells. The STAT signaling pathway is known to be a major signaling network involved in Th cell 
differentiation28,29,40. We found that Ba selectively acts on pathogenic Th1 and Th17 cells, while sparing 
Th2 and Treg cells. Different Th lineages rely on distinct signaling pathway(s) for their development, 
providing a mechanistic basis for differential effects of Ba on various Th lineages. In this way, Ba inhib-
ited STAT3 phosphorylation and RORγ t expression in differentiating Th17 cells and reduced STAT4 
and STAT1 phosphorylation and T-bet expression during Th1 differentiation. To our knowledge, this is 
the first demonstration that Ba regulates T cell differentiation and function through the STAT pathway.

Furthermore, our study provides a detailed account of the underlying molecular mechanism and the 
key signaling events responsible for the inhibition of Th17 cell differentiation by Ba. Our in vitro and in 
vivo studies show that the SOCS3-STAT3 pathway is the key axis that mediates inhibition of Th17 cell 
differentiation in response to Ba treatment, as upregulation of SOCS3 by Ba results in reduced STAT3 
activation and Th17 cell differentiation. The role of SOCS3 described here is consistent with previous 
reports indicating that SOCS3 deficiency in T cells results in higher numbers of Th17 cells both in vitro 
and in vivo30,41, and that transduction of SOCS3 in DCs inhibits Th17 cell differentiation and, subse-
quently, suppresses EAE42. Although our in vitro study did not show an effect of SOCS3-knockdown 
on IFN-γ  production, it has been reported that systemic delivery of adenovirus encoding SOCS3 pre-
vented development of collagen-induced arthritis, and SOCS3-transfected APCs significantly suppressed 
IFN-γ  production by T cells in culture, indicating an inhibitory effect on Th1 cells31. Whether SOCS3 
plays a negative regulatory role in Th1 cell differentiation, as it does in Th17 cells, is worthy of further 
investigation.

Although MS and EAE pathogenesis depends on activation of CD4+ T cells, innate immune cells 
also play important roles in disease progression. Among them, dendritic cells (DCs) as professional 
APCs have a potent capacity to prime naïve T cells and activate autoreactive response43. It has been 
shown that Ba impairs Th1 polarization through inhibition of DC maturation , and inhibits expression 
of surface molecules CD80, CD86, MHC class I, and MHC class II as well as the levels of IL-12 produc-
tion in lipopolysaccharide-stimulated DCs44. Similar inhibitory effects in Ba-treated EAE mice were also 
observed in our study. In addition to the direct effects on DC and Th cells, Ba administration modified 
the cytokine microenvironment, which governs the differentiation and activation of Th cells. This effect 
may be mediated, at least in part, by inhibition of the NF-κ B signaling pathway, which plays an essential 
role during Th1 and Th17 development. We found that Ba significantly inhibited phosphorylation of 
NF-κ B p65 and Iκ B-α , a result that is consistent with previous studies11.
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It is known that pathogenesis of autoimmune diseases involves the breakdown of multiple regulatory 
pathways9,10. Thus, anti-inflammatory drugs obtained from a single, target-based drug discovery process 
may be unlikely to achieve adequate efficacy in the treatment of autoimmune conditions. In compar-
ison, multiple compounds from traditional herbal medicine that target distinct immune/inflammation 
pathways may be more successful at reining in the immune system9,10. The regulatory effects of Ba on 
the immune response include suppression of DC maturation, inhibition of Th1/Th17 cell development 
and proliferation, and re-ordering the cytokine microenvironment. The powerful therapeutic effects of 
natural compounds have motivated search for new drugs45. For example, fingolimod (FTY720), the first 
oral treatment for MS, which was approved in 201046, was discovered by chemical modification of a nat-
ural product, myriocin47, which is isolated from Cordyceps sinensis, a fungus used in Chinese traditional 
medicine48. Likewise, the novel anti-inflammatory properties of Ba that we discovered through mech-
anistic studies in EAE show its potential for the development of pathway-based immunomodulatory 
therapeutics.

Materials and Methods
EAE Induction and Treatment. Female C57BL/6 mice, 8–10 weeks of age, were purchased from 
the Jackson Laboratory (Bar Harbor, ME). All experimental procedures and protocols were approved 
by the Institutional Animal Care and Committee of Thomas Jefferson University and were carried 
out in accordance with the approved institutional guidelines and regulations. Mice were immunized 
s.c. for active induction of EAE as described49. Briefly, for active EAE, mice were immunized sub-
cutaneously on the back with 200 μ g of myelin oligodendrocyte glycoprotein (MOG) 35–55 peptide 
(MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco Lab, Detroit, MI) containing 4 mg/ml 
Mycobacterium tuberculosis H37Ra (Difco). Two hundred nanograms of pertussis toxin (List Biological 
Lab, Epsom, England) were given intraperitoneally on days 0 and 2 post-immunization (p.i.). Clinical 
scores were calculated blindly by two researchers daily according to a 0–5 scale as follows50: 1, limp tail 
or waddling gait with tail tonicity; 2, waddling gait with limp tail (ataxia); 2.5, ataxia with partial limb 
paralysis; 3, full paralysis of 1 limb; 3.5, full paralysis of one limb with partial paralysis of the second 
limb; 4, full paralysis of two limbs; 4.5, moribund; and 5, death. Ba was obtained from Sigma-Aldrich (St. 
Louis, MO). The resulting compound used in this study had a purity of 95%; it was dissolved in DMSO 
to provide stock solution and was diluted before injection with PBS to the final concentration. Dosage 
was determined based on a dose optimization study (Fig. s1). Ba (100 mg/kg/day) was injected intra-
peritoneally (i.p.) daily starting on the day of immunization (prevention protocol), 10 days p.i. (disease 
onset) or 15 days p.i. (disease peak).

For adoptive transfer EAE, single-cell suspensions were derived from spleen and lymph nodes of 
EAE mice (day 10 p.i.). MOG35–55 (25 μ g/ml) plus IL-12 (10 ng/ml) or IL-23 (10 ng/ml) were added to 
induce proliferation of MOG-reactive Th1 or Th17 cells in the presence or absence of Ba (10 μ g/ml) for 
3 days, and analyzed by flow cytometry. The resulting cells (3 ×  107 Th1 cells per mouse and 1.5 ×  107 
Th17 cells per mouse) were administered i.v. into recipients. The recipient mice also received pertussis 
toxin (200 ng/mouse) i.v. on days 0 and 2 post transfer. Mice were examined daily and scored for disease 
severity using the standard scale51,52.

Histopathology. For CNS histopathological assessment, mice were perfused with PBS transcardially, 
and then with 4% paraformaldehyde. Tissues were treated with ethanol and xylene, and paraffin-embedded 
5 μ m sections were stained with H&E for assessment of inflammation and with Luxol fast blue (LFB) 
for demyelination. Slides were assessed in a blinded fashion for inflammation and demyelination using a 
0–3 scale as described50. For immunohistochemistry, brainstem and spinal cord tissues were fixed using 
4% paraformaldehyde for 1 day and then cryo-protected using 30% sucrose solution for 3 days. Fixed 
tissues were embedded in OCT compound (Tissue-Tek, Sakura Finetek, Japan) for frozen sections and 
then sectioned coronally at 12 μ m. Transverse sections of tissues were cut and stained with different pri-
mary antibodies. Immunofluorescence controls were routinely performed with slides in which primary 
antibodies were not included. Results were visualized by fluorescent microscopy (Nikon Eclipse E600; 
Nikon, Melville, NY).

Preparation of Infiltrating MNCs in CNS. For preparation of infiltrating mononuclear cells (MNCs) 
from spinal cord and brain (hereafter referred to as CNS), mice were perfused with 30 ml PBS via the 
heart to eliminate peripheral blood. Single-cell suspensions were prepared, MNCs were harvested using a 
Percoll (Sigma-Aldrich, St. Louis, MO) gradient (70/37%), and viable cells were counted in 0.4% Trypan 
blue.

T cell proliferation and cytokine measurement. For ex vivo proliferation, splenocytes were iso-
lated 18 days p.i. from vehicle-treated and Ba-treated mice, and examined for proliferation with or with-
out stimuli (25 μ g/ml MOG35–55 or 5 μ g/ml concanavalin A). For in vitro assay, purified CD4+ T cells 
from spleens of C57BL/6 mice were stimulated with anti-CD3e (5 μ g/ml) and anti-CD28 (2 μ g/ml) in dif-
ferent concentrations of Ba (5–20 μ g/ml) for 24 h for cell viability assay and 72 h for cell proliferation and 
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apoptosis assays. T cell viability was measured using a MTS kit (CellTiter 96® AQueous One Solution 
Cell Proliferation Assay System Protocol, Promega). Cell apoptosis was measured using a FITC Annexin 
V Apoptosis Detection Kit I (BD Biosciences). Cell proliferation was determined by BrdU-incorporation 
test using BrdU Cell Proliferation ELISA Kit (Abcam). Supernatants from splenocytes or CD4+ T cells 
prepared as above were collected at 72 h to measure concentrations of IFN-γ , IL-17, IL-5, IL-10, and 
GM-CSF using ELISA kits (R&D Systems, Minneapolis, MN). Levels of phosphorylated Iκ Bα , NF-κ B 
p65, and phosphorylated NF-κ B p65 in splenocytes of Ba-or vehicle-treated mice were analyzed by 
PathScan® Inflammation Multi-Target Sandwich ELISA Kit (Cell Signaling Technology Inc.) following 
the manufacturer’s instructions.

Flow cytometry. For surface-marker staining, cells were incubated with fluorochrome-conjugated 
Abs to CD4, CD8, CD11b, CD11c, CD80 CD86, VLA-4, ICAM-1, CD62L and CD44 (BD Biosciences, 
San Jose, CA) at the recommended dilution or isotype control Abs for 30 min on ice. To analyze 
MOG-specific Th1, Th2 and Th17 cells, splenocytes or CNS-infiltrating MNCs were stimulated with 
25 μ g/ml MOG peptide for 72 h or overnight, followed by stimulation with 50 ng/ml PMA and 500 ng/
ml ionomycin in the presence of GolgiPlug for 5 h. Cells were surface-stained with mAbs against CD4 
and CD8. Cells were then washed, fixed, and permeabilized with Fix & Perm Medium (Invitrogen), and 
intracellular cytokines were stained with Abs against IL17, IFN-γ , or IL4 (BD Biosciences). For phos-
phorylated STAT staining, cells were fixed with 4% paraformaldehyde for 10 min at 37 °C, permeabilized 
with 90% methanol for 30 min on ice, and stained with p-STAT1, p-STAT3, p-STAT4 and CD4 mAbs 
(BD Biosciences, San Jose, CA). Foxp3 staining was carried out using a commercial kit, according to 
the manufacturer’s instructions (eBioscience, San Diego, CA). Flow cytometric analysis was performed 
on FACSAria (BD Biosciences, San Jose, CA) and data were analyzed with FlowJo software (Treestar, 
Ashland, OR).

In vitro CD4 + T cell polarization and proliferation. Differentiation of Th1, Th2 and Th17 cells 
was induced in vitro following protocols previously described9,10. Briefly, single-cell suspensions derived 
from spleen of normal female C57BL/6 mice (6–8 wk) were purified by negative selection with a mouse 
CD4+ T Cell Isolation Kit II (Miltenyi Biotec). Purified naïve CD4+ T cells were cultured for 3 days 
with soluble anti-CD3e (5 μ g/ml) and anti-CD28 (2 μ g/mL) under their respective polarizing condi-
tions. IL-12 (5 ng/ml) was added to induce differentiation into Th1 cells. anti-IFN-γ  (10 μ g/ml), IL-2  
(10 ng/ml), and IL-4 (30 ng/ml) were added to induce T cell differentiation into Th2 cells. TGF-β 1  
(2 ng/ml), IL-6 (20 ng/ml), IL-1β  (10 ng/ml), anti-IL-4 (10 μ g/ml), and anti-IFN-γ  (10 μ g/ml) were added 
in Th17 polarizing conditions. For the proliferation of pre-differentiated Th1 or Th17 cells, cells were 
rested 2 days in the presence of IL-2 (2 ng/ml), washed and replated for a second stimulation with 
anti-CD3e (5 μ g/ml) and anti-CD28 (2 μ g/ml) in the presence either of IL-23 (10 ng/ml) or medium. 
Cells were cultured for 3 days and labeled with BrdU for cell proliferation assay by an ELISA reader 
following the manufacturer’s instructions (R&D Systems, Minneapolis, MN).

Quantitative real-time PCR. Total RNA was isolated from cell pellets using RNeasy Mini Kit 
(Qiagen, Valencia, CA), and first-strand cDNA was subsequently synthesized using Sensiscript RT Kit 
(Qiagen) according to the manufacturer’s instructions. mRNA expression was determined by real-time 
PCR using SYBR Green Master Mix under standard thermocycler conditions (Applied Biosystems, Foster 
City, CA). Data were collected and quantitatively analyzed on an ABI Prism 7900 Sequence Detection 
System (Applied Biosystems). Mouse GAPDH gene was used as endogenous control for sample normal-
ization. Results were presented as fold increases relative to the expression of mouse GAPDH. Sequences 
of PCR primers are listed in Table S2.

Vector construction and transduction. To determine SOCS3 promoter activity, a 1036-bp 
(from − 107 to + 929) minimal murine SOCS3 promoter was cloned and fused to the cod-
ing region of GFP as reporter (SOCS3-GFP). To knock down SOCS3 expression, vectors 
expressing SOCS3-shRNA were designed and synthesized, which consisted of a BamHI site, a 
19-nucleotide sense sequence, a loop sequence, a 19-nucleotide antisense sequence, a RNA pol-
ymerase site, and an EcoRI site. The forward and reverse strand oligo sequences are as follows (the 
SOCS3 sense and antisense sequences are bolded, italics indicate loop): siSOCS3 Forward: 5′ - 
GATCCAGAGCAAAGAAAGGGTCAGTTCAAGAGACTGACCCTTTCTTTGCTCTTTTTTG 
-3′ ; siSOCS3 Reverse: 5′ -AATTCAAAAAAGAGCAAAGAAAGGGTCAGTCTCTTGAACTGACC 
CTTTCTTTGCTCTG-3′ . The following complementary oligonucleotide was used as a negative control  
oligo sequence: Ctrl forward: 5′ -GATCCTTCTCCGAACGTGTCACGTTTCAAGAGAACGT 
GACACGTTCGGAGAATTTTTG-3′ : Ctrl reverse: 5′ -AATTCAAAAATTCTCCGAACGTGTCACGT 
TCTCTTGAAACGTGACACGTTCGGAGAAG-3′ . The forward and reverse strand oligo sequences were 
annealed to create double stranded oligonucleotides, which were then cloned into the pSIH1-H1-copGFP 
vector. Viruses were produced according to the user’s manual (SBI, CA). For cell infection, 5 ×  105 IU/mL  
virus and 8 μ g/ml polybrene (Millipore, MA) were incubated with cells. After overnight incubation, the 
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medium was replaced by fresh medium, and cultured for future use. For direct in vivo injection, approx-
imately 3 ×  107 IU of recombinant lentivirus was injected i.c.v. into each mouse.

Statistics. The Student’s t-test was used to analyze differences between groups. Where appropriate, 
one-way ANOVA was initially performed to determine whether an overall statistically significant change 
existed before a two-tailed paired or unpaired Student’s t-test was carried out. A P value <  0.05 was con-
sidered statistically significant.
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