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Introduction 

The central nervous system (CNS) has a limited ability to regenerate. 

Therefore the onset and progression of neurodegenerative diseases could 

permanently impair the brain functions. The therapeutic intervention using 

neural stem cells (NSCs) has been advanced for targeting against various 

neurodegenerative diseases including multiple sclerosis (Pluchino et al., 2003), 

traumatic brain injury (Shear et al., 2004), stroke (Kelly et al., 2004), 

Parkinson’s disease (Richardson et al., 2005), Huntington’s disease (Ryu et 

al., 2004), spinal cord injury (Hofstetter et al., 2005) and epilepsy (Chu et al., 

2004). 

Since NSCs have a potential to differentiate into neurons and neuroglia 

and can be obtained from both fetal and adult brains (Sanai et al., 2005), the 

clinical use of NSCs is valuable against neurodegenerative diseases without 

causing immune complications (Martino and Pluchino, 2006). The underlying 

therapeutic mechanism of NSCs is thought to be via both the cell replacement 

and the bystander effect, although in-depth mechanism remains to be 

uncovered. The bystander effect of NSCs is mediated by anti-inflammatory 

effect and secretion of neurotrophic factors to enhance microenvironment 

(Lindvall et al., 2004). Due to a limit for newly differentiated neural cells to 

immediately repair the impaired complex neuronal functions, the bystander 

effect is thought to be crucial factor for the NSC therapy. 
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Normally, the CNS is protected by blood-brain-barrier (BBB) from 

lymphocyte infiltration. However, BBB can be damaged and broken under 

neuropathological conditions leading massive infiltration of lymphocytes into 

the CNS. Moreover, condition becomes more aggressive by boosted 

inflammation with activated microglia, the only immune cell residing within 

the CNS (Lakhan et al., 2009; Noort and Bsibsi, 2009). While the primary 

damage to the CNS is derived by onset of disease, the secondary damage 

during late phase of disease depends on inflammation and is fatal (Ben-Hur, 

2008, Jin et al., 2010). Study reported that microglia and lymphocytes take 

important roles in pathological progression not only in the acute type 

including stroke, and spinal cord injury but also in the chronic type of 

neurodegenerative diseases such as Alzheimer’s disease (Schwartz et al., 

2006). Due to current limits to modulate the primary damage to the CNS, the 

containment of secondary damage by inflammation seems to be realistic 

therapy. 

Indolamine 2,3-dioxygenase (IDO) is a tryptophan-metabolizing enzyme 

that was found to be expressed by dendritic cells (Taylor and Feng, 1991). 

IDO metabolizes tryptophan to produce a metabolite, kynurenines which 

recruits regulatory T cell modulating inflammation. Early report documented 

the strong immunoregulatory effect of IDO in chronic inflammatory disease 

(Popov and Schultze, 2008). We now report the synergic immunosuppressive 

effect of IDO expressing NSCs in inflammatory condition. To validate the 
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effect of IDO expressing NSCs in the CNS, we carried out mixed leukocyte 

reaction (MLR) in vitro. For in vivo, we developed experimental autoimmune 

encephalomyelitis (EAE) animal model that mimics human multiple sclerosis 

(MS) condition, a chronic inflammatory disease of the CNS where 

inflammatory infiltrates are found in lesion sites (Zhou et al., 2006). 
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Materials and Methods 

Cell culture. The brain tissue of Sprague-Dawley (SD) rat embryo (13.5
th
 

embryonic day, E13.5) was mechanically dissociated, digested with 10U/ml 

papain-EDTA for 1 hour (hr) at 37°C, and then washed twice with the 

complete medium [Knock-out DMEM/F-12 medium supplemented with 

StemPro NSC SFM supplement (Invitrogen), 20ng/ml recombinant human 

EGF, 20ng/ml recombinant human basic FGF2 (R&D Systems), and 1μl/ml 

penicillin/streptomycin (P/S, Sigma-Aldrich)]. Dissociated cells were plated 

in the complete medium at a density of 1×10
7
/ml cells per T75 flask (BD 

Corning) and incubated for 7 days in a humidified 5% CO2 atmosphere at 

37°C. Resulting primary neurospheres were then triturated into single cells 

and collected for subculture. Collected cells were maintained in the complete 

medium as adherent culture using CELLStart pre-coated plate (Invitrogen). 

293FT cells (ATCC) were adherently cultured in DMEM medium (GIBCO) 

containing 1% P/S, 1% L-Glutamine (GIBCO), 1% MEM Non-Essential 

Amino Acid Solution (MEM NEAA, Sigma-Aldrich) and 10% FBS (GIBCO) 

in a humidified atmosphere of 5% CO2 at 37°C. 

 

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde 

in PBS (PFA, Wako) for 15 minutes (mins), blocked for 1 hr at room 
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temperature (RT) in a blocking solution (0.1% bovine serum albumin, 10% 

normal horse serum, and 0.1% Triton X-100 in PBS), and then incubated in 

0.1% Triton X-100 in PBS containing a primary antibody against NeuN 

(1:100, Millipore), GFAP (1:200, Sigma-Aldrich), CD133 (1:100, Abcam), or 

Olig2 (1:500, Millipore) at 4°C overnight. Primary antibodies were visualized 

with Alexa Flour 594 antibody (1:500, Invitrogen). Nuclei were 

counterstained with DAPI (1:1000, Sigma-Aldrich) for 5 mins. 

 

Western Blot Analysis. Cells were lysed in the RIPA lysis buffer 

[15mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris 

(pH 8.0)]. After centrifugation at 10,000g for 5 mins, the supernatant was 

harvested. Amount of protein was analyzed using a BCA protein assay kit 

(Thermo). 20μg protein was separated on SDS-polyacrylamide gel 

electrophoresis for 2 hrs at 100V, transferred onto nitrocellulose membrane 

(Whatman) for 1 h at 100V, and then probed with an anti-actin (1:500, Santa 

Cruz Biotech) or IDO (1:500, Santa Cruz Biotech) antibody. The primary 

antibodies were reacted with goat HRP-conjugated anti-mouse (1:100, 

Invitrogen) or anti-rabbit IgG antibody (1:100, Invitrogen) against actin and 

IDO, respectively. The antibodies were visualized by Super ECL solution (GE 

Healthcare) following the manufacturer’s instruction. 
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Reverse Transcriptase-Polymerase Chain Reaction (RT-

PCR). Total RNAs from rat fetal NSCs were isolated using a RNeasy Plus 

Mini kit (Qiagen) following the manufacturer’s recommendation. cDNA was 

synthesized from 1μg of total RNA using a first-strand cDNA synthesis kit 

(Invitrogen) following the manufacturer’s instructions. PCR was conducted 

with 1μl of first-strand cDNA product, iPfu DNA polymerase (Intron Biotech), 

and primers (GAPDH: forward=TGAAGGTCGGAGTCAACGGATTTGTG, 

reverse=CATGTGGGCCATGAGGTCCACCAC; IDO: 

forward=CACCATGCCTCACAGTCAAATATCTCCT, 

reverse=CTAAGGCCAACTCAGAAGGGCTTTCTT); 35 cycles of 

denaturation at 94°C 20 seconds (secs), annealing at 60°C for 10 secs, 

extension at 72°C for 90 secs. 

 

Construction of Lentiviral Vectors and Establishment of 

Genetically Modified rat fetal NSCs. A cloning package 

including entry (pENTR/D-TOPO) and lentiviral destination (pLenti7.3/V5-

DEST) vector, was used (Invitrogen). The lentiviral destination vector harbors 

EmGFP gene under PGK promoter. PCR product for IDO gene were 

delivered to the entry vector using the TOPO reaction and then transferred to 

the lentiviral destination vector (under CMV promoter) through LR 
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recombination following the manufacturer’s instruction of Gateway Cloning 

Technology (GIBCO). Package of lentivirus was induced in 293FT cells using 

the lentivirus destination vector, helper vectors [VSVG and PAX2 

(Invitrogen)], and a Calcium Phosphate (CaPO4) Transfection Kit following 

the manufacture’s protocol (Invitrogen). Supernatant was collected for 48 or 

72 hrs. Viral titer was determined by transduction of 293FT cells with serial 

dilutions of the viral supernatant and the number of green fluorescent cells per 

well. Rat fetal NSCs (1×10
5 

cells/well in a six-well plate) were transduced 

with viral supernatant with a multiplicity of infection of one (MOI=1) and 6 

μg/ml polybrene (Sigma). 

 

Rat T cell isolation. Splenocytes were enzymatically and mechanically 

dissociated from 6 week-old SD rat spleens. Collected cells were labeled with 

rat anti-T cell microbeads (Miltenyi Biotech, OX52) and loaded onto a 

magnetic associated cell sorting (MACS) LS column (Miltenyi Biotech) 

following the manufacture’s protocol. Positive fraction of the loaded cells was 

collected. 

 

In vitro T cell proliferation assay. 8×10
3 
or 4×10

3
 Rat fetal NSCs 

expressing either EmGFP (control) or EmGFP+IDO were seeded on 

CELLStart pre-coated 96 well plates (Invitrogen) in the complete media. 
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Purified rat T lymphocytes (2×10
5
, rat fetal NSCs:T cells=1:25) were added 

on the same plates 2 days after the NSC seeding and co-cultured in 

RPMI1640 medium containing 1% P/S, 1% L-Glutamine (GIBCO), 1% MEM 

NEAA (Sigma-Aldrich), 1% 2-Mercaptoethanol, and 10% FBS (GIBCO). To 

activate T cell proliferation, 10μg/ml of Concanavalin A (ConA, Sigma-

Aldrich) was applied to the co-cultures and maintained for 48 hrs. 
3
H-

Thymidine (40μCi/ml) was treated 17 hrs before quantification of 

radioactivity using a beta counter. For IDO inhibition assay, 0.5mM of 1-

Methyl-DL-Tryptophan (1-MT, Sigma-Aldrich), an IDO inhibitor, was 

applied to the NSC medium when NSCs were seeded on the 96 well plate. 

 

Experimental autoimmune encephalomyelitis (EAE) 

animal model. All animal experiments were approved by the appropriate 

Institutional Review Boards of the Seoul National University College of 

Medicine (Seoul, Korea; SNUIBC-R111205-1) and conducted in accord with 

the ‘National Institute of Health Guide for the Care and Use of Laboratory 

Animals’ (NIH publication No. 80-23, revised in 1996). Female 6 week-old 

SD rats (130g) were immunized intradermally (i.d.) with 50μg of rat myelin 

oligodendrocyte glycoprotein (MOG; Sigma-Aldrich) in 0.2ml of saline and 

0.2ml complete Freund’s adjuvant (CFA; Sigma-Aldrich) consisting of 

1mg/ml inactivated Mycobacterium tuberculosis. Animals were assessed daily 
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for the six-graded clinical scores of EAE; no clinical signs (grade 0), partial 

loss of tail tonicity (grade 0.5), complete loss of tail tonicity (grade 1), flaccid 

tail and abnormal gait (grade 2), hind leg paralysis (grade 3), hind leg 

paralysis with hind body paralysis (grade 4), hind and foreleg paralysis (grade 

5), and death (grade 6). About 75% of the animals developed a monophasic 

EAE. For transplantation, 1×10
6
 NSCs expressing either EmGFP or 

EmGFP+IDO in 200μl HBSS were injected into the tail vein (n=7 for each 

group). Alternatively, the same volume of HBSS was injected for the control 

group (n=7). Samplings for analysis were performed at 12 days post 

immunization (dpi) when animals exhibited clinical symptoms of the EAE. 

 

Flow Cytometry Analysis. Dissociated cells from spleen and cervical 

lymph nodes were analyzed by flow cytometry (FACSCalibur; BD 

Biosciences). Fluorescein isothiocyanate (FITC)-conjugated mouse 

monoclonal antibody against rat CD3 (1:1000, BD Pharmigen), phycoerythrin 

(PE)-conjugated mouse monoclonal antibodies against rat CD45R (1:500, BD 

Pharmigen) or rat CD25 (1:500, BD Pharmigen), and allophycocyanin (APC)-

conjugated mouse monoclonal antibody against rat Foxp3 (1:500, eBioscience) 

were used. 
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Immunohistochemistry (IHC). Brains were processed for frozen 

section. Infiltration of lymphocytes was assessed by H&E staining in the 

cerebral cortex (n=5 for each animal). Average depth of lymphocyte 

infiltration was calculated for each animal and then compared. Various types 

of lymphocytes were stained with following antibodies: T 

lymphocytes=mouse anti-rat CD3 antibody (1:100, BD Pharmigen), activated 

T lymphocytes=mouse anti-rat CD25 antibody (1:100, BD Pharmigen), and 

regulatory T lymphocytes=anti-mouse/rat Foxp3 antibody (1:100, 

eBioscience). Alexa Flour 488 green (1:500, Invitrogen) was used as a 

secondary antibody. Visualized lymphocytes were analyzed in the cerebral 

cortex and hippocampus (n=10 for each animal). Average numbers of 

visualized lymphocytes were calculated for each animal and then compared. 

 

Statistical Tests. Statistical analysis was performed using the Student’s t-

test (two-sided). 
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Results 

Rat fetal neural stem cells expressing IDO 

Rat fetal NSCs were primarily cultured from E13.5 SD rat brains to form 

neurospheres in DMEM-F12 medium containing EGF (20ng/ml) and bFGF 

(20ng/ml). NSCs were then maintained adherently on the plate coated with 

extra cellular matrix component in the same culture condition (Fig.1A). To 

confirm the stem cell characteristics of NSCs, expression of NSC markers 

such as nestin, Sox2, Musashi1, and CD133 were confirmed by RT-PCR 

(Fig.1B) and immunocytochemistry (Fig.1C) at passage 4 (P4). 

Differentiation assay was carried out in the culture condition from where 

growth factors were withdrawn for 2 weeks, showing increased expression of 

differentiated neural cell markers such as oligo2 (oligodendrocyte), NeuN 

(neuron), and GFAP (astrocyte) and deceased expression of NSC markers, 

nestin and CD133 (Fig.1C).  

We engineered NSCs to express IDO since they show very low 

endogenous level of IDO (Fig.1E). IDO gene was expressed by CMV 

promoter and PGK promoter expressed EmGFP as a selection marker 

(Fig.1D). Accordingly positive control vector was designed to express 

EmGFP by CMV promoter. The functionality of IDO expressing lentivector 

was confirmed by transfecting NSCs to transiently express EmGFP (Fig.1E). 
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NSCs were infected by lentivirus to permanently express IDO and a selection 

marker, EmGFP. Lentiviral titer was quantified by FACS to calculate the 

multiplicity of infection (MOI) value. The stable NSC cell line expressing 

IDO was obtained and confirmed by both RT-PCR and western blot assay at 

RNA and protein level respectively (Fig.1F and G) 
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Figure 1. Rat fetal NSC primary culture and IDO 

expressing lentivirus production 

Rat fetal neural stem cells were isolated from cortex of E13.5 rat embryo (A) 

during primary culture NSCs initially formed neurospheres and maintained adherently 

on the extra cellular matrix coated plate. Magnification for sphere, X200; for adherent, 

X400 (B) P1 and P4 rat fetal NSCs expressed neural stem cell markers (Nestin, Sox2 

and Musashi1) and confirmed by RT-PCR (C) undifferentiated NSCs expressed 

CD133, nestin marker, and differentiated NSCs expressed various neural markers 

such as olig2, an olgiodendrocyte marker, GFAP, an astrocyte marker, and NeuN, a 

neuronal marker. Magnification, X400 (D) IDO or EmGFP gene was inserted into the 

lentiviral vector. Target genes are expressed by CMV promoter and EmGFP, as a 

selection marker, by PGK promoter. (E) NSCs were infected by lentivirus to express 

EmGFP as selection marker under fluorescent microscope. Magnification, X200. 

Expression levels of mRNA and protein were confirmed by (F) RT PCR and (G) 

western blot. 
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In vitro anti-inflammatory effects of IDO expressing 

NSCs 

We confirmed the anti-inflammatory effect of NSCs in vitro on T 

lymphocyte proliferation. NSCs or IDO expressing NSCs (IDO-NSCs) were 

co-cultured with T lymphocytes which were isolated from rat spleen using rat 

anti-CD3 antibody (NSCs:T lymphocytes=1:25). When T lymphocytes were 

activated with ConA (10μg/ml), NSCs alone was sufficient to inhibit T 

lymphocyte proliferation by 1/4 to 1/5 folds (Fig.2A). This is well-correlated 

with previous reports that NSCs have inhibitory effect on T lymphocyte 

proliferation in vitro (Bonnamain et al., 2012). However, IDO-NSCs 

suppressed the T lymphocyte proliferation significantly more than NSCs 

without IDO expression (Fig.2A). The synergic suppression mediated by 

IDO-NSCs was observed as 5-fold decrease for T cell proliferation compared 

to NSCs without IDO expression. Moreover, at particular dosage, it became 

no longer different in ability to suppress T lymphocyte proliferation by IDO-

NSCs, assuming that there is a minimum cell number required to derive 

synergic effect in T lymphocyte suppression in vitro (Data not shown). To 

confirm the synergistic immune suppression is mediated by IDO, a specific 

IDO inhibitor, 1-MT was utilized. In presence of 1-MT (0.5mM), the synergic 

suppression on proliferation of T lymphocytes by IDO-NSCs was completely 

reversed (Fig.2B), showing similar suppression activity with NSCs. 
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Figure 2. T cell proliferation suppressed by IDO 

expressing NSCs 

T cell proliferation assay with IDO-NSCs showed that (A) proliferation of T cell 
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was significantly suppressed by both NSCs and NSCs-IDO groups. T cell number 

significantly reduced in NSCs-IDO group than NSCs group. (B) With presence of 

IDO inhibitor, 1-MT (1-Methyl-DK-Trptophan) at 0.5mM concentration, T cell 

number in NSCs-IDO group was completely reversed to that of NSCs group. (C) Data 

indicates the synergic effect of IDO expression in suppressing T cell proliferation 

compared to NSCs group. n=3, * p < 0.001 



18 

 

Anti-inflammatory effect of IDO-NSCs in vivo 

Next, we tested the anti-inflammatory effect of IDO-NSCs in 

experimental autoimmune encephalomyelitis (EAE) animal model. EAE is an 

experimentally induced autoimmune disease of the CNS mediated by 

activated T lymphocytes used as an animal model of multiple sclerosis (MS), 

a human demyelinating disease (Raine, 1994). Notably, known features of 

EAE are characterized by the presence of abnormally infiltrating T 

lymphocytes and macrophages into the broad area of brain with breaking the 

blood-brain-barrier (BBB) and the activation of microglia and astrocytes 

during the acute stage of EAE (Shin et al, 1995; Ahn et al, 2011). EAE can be 

actively induced in susceptible inbred rodents by immunization with myelin 

oligodendrocyte protein (MOG) in complete Freud’s adjuvant (CFA). 

We injected the mixture of CFA and MOG intradermally on hind foot 

pads of animals to induce the acute inflammation. To evaluate the stages of 

EAE induction, we blindly observed neurological symptoms of animals 

according to 6 graded parameter chart from the work of Einstein and 

colleagues (Einstein et al., 2003). At 7 dpi, immunized rats started to exhibit 

clinical symptoms of EAE including the loss of tail tonicity, abnormal gait 

and continuous progression of disease. At around 15 to 18 dpi, animals scored 

up to grade 4 and exhibited features such as hind leg paralysis and hind body 
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paralysis with physical symptoms of reddish and swollen hind feet (Fig.3A). 

The transplantation of either NSCs or IDO-NSCs was performed at 5 dpi 

where animals (n=7) scored grade 2 to 3 EAE parameter and samples 

including spleen, lymph node and brain were collected at 12 dpi. The other 

animals (n=7) were maintained up to 36 days and then terminated the 

experiment set (Fig.3B). EAE induced animals marked relatively low body 

weights compared to normal non-EAE group throughout the experimental 

period. Although it was not statistically significant, the average body weight 

of IDO-NSCs injected group was maintained relatively similar to non-EAE 

group compared to NSCs group (Fig.3C). In EAE group, EAE clinical score 

peaked at 18 dpi with average score of grade 4 and took more than 20 days to 

recover. Similarly, NSCs injected group showed a peak clinical score at 15 dpi 

and also took more than 20 days to normalize. Conversely, IDO-NSCs 

injected group scored grade 2, relatively lower than other two testing groups, 

as maximum score at 15 dpi and took only 14 days to recover (Fig.3D, p < 

0.001). 

Together, our results indicated that the transplantation of IDO-NSCs 

synergistically minimized the acute inflammatory response in EAE animal 

model. Since higher clinical scorings with weight loss could reflect the 

progression of disease, IDO-NSCs injected animals showed relatively lower 

clinical scorings with less weight loss. This could highlight the efficient 
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immunosuppressive effect of IDO-NSCs in neural inflammatory condition in 

vivo.  
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Figure 3. Immunosuppressive effect of IDO-NSC in EAE 

animal model  
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Immunization with Complete Freund Adjuvant (CFA) and rat myelin 

oligodendrocyte glycoportein (MOG) induced acute inflammation in 4 week-old 

female SD rats. (A) EAE induced rats exhibited the swollen foot with hind limb 

paralysis. The I.V. injection of NSCs, IDO-NSCs or HBSS was performed on rat tail 

vein at 5 dpi after EAE induction. (B) Total EAE experiment set took 37 days. (C) 

IDO-NSCs injected group maintained the similar body weight to non-EAE control 

group, whereas HBSS group showed weight loss throughout the experimental period 

(D) According to EAE clinical scoring chart, it was observed that IDO-NSCs injected 

group exhibited significantly faster recovery rate to normal state compared to HBSS 

control group. Spleen, lymph node and brain of all animals were collected as testing 

samples and performed 1 week after the NSCs injection (at 13 dpi). n=7 for each 

group, * p < 0.05, ** p < 0.001  

 

  



23 

 

Immunosuppressive mechanism of IDO expressing NSCs 

To analyze the immunosuppressive effect of NSCs or IDO-NSCs in EAE 

animal model, rat spleen and cervical lymph node were collected from all 

animals. Isolated lymphocytes were stained with antibodies against T 

lymphocytes (CD3
+
), B lymphocytes (CD45R

+
), activated T lymphocytes 

(CD3
+
 and CD25

+
) and regulatory T lymphocytes (CD3

+
, CD25

+
 and FoxP3

+
). 

The purpose of selecting spleen and cervical lymph node as test samples was 

to validate inflammatory response by quantifying lymphocytes in systemic 

and regional aspect respectively. 

For spleen lymphocytes, although showing no significant difference, 

there was a tendency of decreased number of CD25
+ 

activated T lymphocytes 

in IDO-NSCs injected group compared to other groups (Data not shown). 

Overall, total counts of various lymphocytes were not statistically significant 

throughout groups. For lymphocytes collected from cervical lymph nodes, 

total number of both CD3
+ 

T lymphocytes and CD25R
+
 B lymphocytes was 

not statistically different (Fig.4A) similar to the results of spleen lymphocytes. 

However, the number of CD25
+ 

activated T lymphocytes in IDO-NSCs 

injected group showed significant reduction compared to both EAE control 

and NSCs injected group (Fig.4B, p < 0.001). Consecutively the number of 

CD3
+
, CD25

+
 and FoxP3

+ 
regulatory T lymphocytes significantly increased in 
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IDO-NSCs injected group (Fig.4C, p < 0.001). 

Altogether, results revealed that the transplantation of either NSCs or 

IDO-NSCs did not contribute in suppressing systemic inflammatory response. 

However, simultaneous features including reduced number of activated T 

lymphocytes and increased number of regulatory T lymphocytes showed that 

transplantation of IDO-NSCs was effective in suppressing the local 

inflammatory response. 

 

 



25 

 

 

Figure 4. IDO expressing NSCs regulate lymphocyte 

proliferation in vivo 

Cervical lymph node samples were collected from animals of each group at 12 

dpi. The number of T, B, activated T and regulatory T cells from samples was 

quantified by FACS analysis. (A) The number of T and B cells showed no significant 

difference whereas (B) the count of activated T cells was reduced in NSC-IDO 

injected group and (C) simultaneously, regulatory T cell count was significantly 

increased. N = 4, * p < 0.001   
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Next, EAE-induced inflammation in the CNS was visualized and 

analyzed by IHC assay. Histological sections of cerebral cortical and 

hippocampal region were stained against T lymphocytes (CD3
+
), B 

lymphocytes (CD45R
+
), activated T lymphocytes (CD25

+
) and regulatory T 

lymphocytes (FoxP3
+
). In consistent to the previous reports stating that an 

abnormal infiltration of lymphocytes following BBB breaking could cause 

neural damage in the CNS, we found the abnormal infiltration of T 

lymphocytes in broad area of brain including cerebral cortical and 

hippocampal region (Fig.5A). Visualized T lymphocytes in cerebral cortex 

were identified as CD25
+
 activated T lymphocytes (Fig.5B). In comparison to 

control group, significantly decreased number of CD25
+
 activated T 

lymphocytes was present in both NSCs and IDO- NSCs injected groups 

(Fig.5C, p < 0.001). Moreover, much less number of activated T lymphocytes 

was visualized in IDO-NSCs injected group compared to NSCs injected group 

(Fig.5C, p < 0.05). Infiltrating lymphocytes were present in broad region of 

hippocampus (Fig.6A). In order to compare the number of infiltrating T 

lymphocytes between groups, we counted visualized lymphocytes in random 

sites across the hippocampal region (n=4). In similar to the FACS results, it 

was also found that the number of CD3
+
 T lymphocytes was not statistically 

different along the groups (Fig.6B). However, compared to the EAE control 

group, the number of CD25
+
 activated T lymphocytes was significantly 

reduced by 3 and 5 fold each in NSCs and IDO-NSCs injected group 
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respectively (p < 0.001). Conversely, the number of FoxP3
+
 regulatory T 

lymphocytes significantly increased in both NSCs and IDO-NSCs injected 

groups. Importantly, the number of regulatory T lymphocytes in IDO 

expressing NSCs group is significantly higher than NSCs group (Fig.6B, p < 

0.05).  

Taken together, our data suggested that the presence of NSCs played a 

crucial role in recruiting regulatory T lymphocytes and, in turn, reduced 

activated T lymphocytes during the inflammation in the CNS. Moreover, the 

presence of IDO with NSCs could synergistically strengthen the 

immunosuppressive effect. 
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Figure 5. Reduced inflammatory region by 

transplantation of IDO expressing NSCs 

EAE model exhibited the abnormal infiltration of lymphocytes into the brain. (A) 

Abnormal infiltration of lymphocytes into cerebral cortex was observed in HBSS 

control group whereas NSC and NSC-IDO group showed less or no infiltration of 

lymphocytes respectively. Blue arrow heads indicate the magnified region from each 

group by X200. (B) CD25
+
 activated T lymphocyte infiltration present in cerebral 
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cortex was visualized by IHC staining. Red arrow heads indicate the magnified region 

from each group by X400. (C) Thickness of lymphocyte layer at cerebral cortex was 

measured. N = 6, ** p < 0.05, * p < 0.001      
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Figure 6. Reduced number of infiltrating activated T 

lymphocytes by transplantation of IDO expressing NSCs  

EAE model exhibited the abnormal infiltration of lymphocytes into the brain. (A) 

Immunohistochemical staining was performed against CD3
+
 pan T lymphocytes, 
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CD25
+
 activated T cell and FoxP3

+
 regulatory T cell in around hippocampal region of 

rat midbrain. Image was magnified by X400. (B) Quantification of lymphocyte 

number present in hippocampal region. CD3
+
 T cell number was not different 

between groups whereas CD25
+
 activated T cell number was significantly reduced in 

both NSCs and IDO-NSCs injected groups. FoxP3
+
 regulatory T cell number was 

greatly increased in NSCs and IDO-NSC injected groups and more increased in IDO-

NSCs injected group compared to NSCs injected group. n=4, * p < 0.05, ** p < 0.001 
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Discussion 

The present report describes for the first time that the combination of 

IDO and NSCs could synergistically suppress inflammation derived by 

increased number infiltrating immune cells into the brain particularly CD25
+
 

activated T lymphocytes.  

IDO is an enzyme which was initially discovered from dendritic cells in 

pregnant female’s uterus and was known for a protection of embryo from the 

host immune rejection (Popov and Schultze, 2008). The role of IDO is known 

to be related with tryptophan metabolism which drives the recruitment of 

regulatory T lymphocytes and therefore, regulate the immune response 

mediated by activated T lymphocytes during immune response. 

NSC is a valuable therapeutic resource against neurodegenerative 

diseases due to a number of reasons such as cell replacement and bystander 

effect. The clinical application of NSC is considered highly valuable to treat 

neurodegenerative diseases, neural diseases, due to its residing location in 

neural microenvironment. Moreover, NSCs possess the potential to enhance 

the damaged microenvironment in the CNS by secreting various neurotrophic 

factors (Hsu et al., 2007; Blurton-Jones et al., 2009). Therefore, in response to 

neural damage, NSC can directly migrate to lesion site and easily can be more 
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adoptable with the neural microenvironment than any other stem cells, 

making NSC as a suitable source for development of therapeutic tool. 

Prior reports stated that mesenchymal stem cell (MSC) has a strong 

immune suppressive effect via interferon-γ (IFN- γ) which induces and 

activates IDO. Conversely, with inhibited expression or activation of IDO, the 

immune suppression recovers and this shows the important role of IDO in 

stem cells on immune suppression (Re et al., 2009, DelaRosa et al., 2009). 

Thus, since NSCs do not express IDO themselves, we have engineered 

NSCs to express IDO and examined in vitro and in vivo. In agreement with 

previous reports, it was confirmed that NSCs only group could suppress T 

lymphocyte proliferation by 2-3 folds in T lymphocyte proliferation assay 

(Fig.2A). In case of IDO-NSCs group, T lymphocyte proliferation was 

effectively suppressed by up to 10 folds at 1:25 ratio for NSCs to T 

lymphocytes and IDO inhibition assay confirmed that immune suppression 

was mediated by IDO (Fig.2B). Interestingly, it was discovered that IDO 

showed synergic immune suppression in particular dosages, 1:25 and 1:50, 

revealing the clue that, in order to actively suppress T lymphocyte 

proliferation, the minimum concentration of IDO is required in the co-culture 

with activated T lymphocytes. 
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Since inflammation and neurodegeneration in the CNS are two major 

pathological features in MS (Cid et al, 2011), we used EAE animal model, 

mimicking human MS, to validate the activity of IDO-NSCs against 

inflammation in the CNS. Our studies using IDO-NSCs in which the role of 

immune suppression was already confirmed in vitro showed that immune 

suppression in the CNS was greatly improved by IDO also in vivo (Fig.3). 

Apparent features of IDO-NSCs injected EAE animals including body weight 

and clinical score changes indicated that animals were less likely to lose the 

body weight and were improved in recovering clinical conditions following 

immunization. Accordingly, immunohistochemical analysis confirmed that 

abnormally infiltrating lymphocytes into brain were reduced in animals 

transplanted with NSCs and IDO-NSCs (Fig.5 and 6). Although the number 

of total infiltrating T lymphocytes was not changed along groups, probably 

due to the EAE induction in prior to NSC transplantation, CD25
+
 activated T 

lymphocytes were significantly less found in NSCs and IDO-NSCs injected 

groups while regulatory T lymphocytes were highly present compared to EAE 

control group. Importantly, it was found that the number of regulatory T cells 

was significantly more recruited in IDO-NSCs injected group than NSCs 

injected group suggesting that IDO was efficiently functional to recruit 

regulatory T lymphocytes (Fig.6).and may exert neurotrophic factors to 

enhance damaged microenvironment.  
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However, it seems important to raise several issues for future 

improvements. Due to current technical limitations on NSC isolation in vitro, 

the cell population is heterogeneous consisting of stem cells, progenitor cells 

and differentiated neural populations (Fig.1C). Although the majority of 

heterogeneous cell mixture is NSCs as we have confirmed, the therapeutic 

effect on neurodegenerative diseases in the CNS could be maximized by using 

highly purified NSCs. Many studies have reported techniques to obtain pure 

NSC population, though there is still a controversy to resolve (Taupin, 2009). 

Moreover, the advanced engineering of NSCs to secrete IDO proteins also 

seems an effective approach to enhance neurotrophic and paracrine effect in 

the CNS microenvironment. Maximizing the chance for IDO to interact with 

surrounding neural environments is crucial for improving therapeutic effect.  

Nevertheless, our results are evident that IDO expressing NSCs 

suppressed inflammation in the CNS. The therapeutic effect of IDO 

expressing NSCs was synergistically maximized and possibly took a part in 

protective mechanism in accordance with known characteristics of NSCs. 

Since inflammation is the one of key features in neurodegenerative diseases, 

the validation of anti-inflammatory effect of IDO expressing NSCs in other 

animal models such as stroke, AD or PD is required for future clinical 

advancement.  
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Conclusion 

Our results demonstrated the anti-inflammatory effect of IDO expressing 

NSCs. We showed that inflammation in the CNS is greatly suppressed by 

transplanting IDO expressing NSCs in both MLR assay and EAE animal 

model. IDO is an appropriate candidate for suppressing immune response by 

recruiting regulatory T lymphocytes that, in turn, suppress activated T 

lymphocytes. With engineered to express IDO, NSCs synergistically 

improved the condition and prevented the CNS secondary damage by 

inflammation. Therefore IDO expressing NSCs are an effective therapeutic 

tool against neurodegenerative diseases. 
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국문초록 

실험적 자가면역뇌척수염 모델에서 

Indolamine 2,3-dioxygenase (IDO) 

발현 신경줄기세포의 면역억제 효과 연구 

 

서울대학교 대학원 의학과  

해부학 전공 안재열 

 

정상적으로 면역반응이 일어나지 않는 중추신경계에서 

신경퇴행성질환이 발생할 경우 초기에는 각 신경퇴행성질환의 

고유한 원인으로 발생하지만 중·후기에서는 2차 손상으로 매우 

강력한 면역반응이 유도되며 중추신경계 손상도 확대된다. 본 

연구에서는 중·후기에서 특이적으로 발생하는 면역반응을 

효과적으로 억제할 경우 신경퇴행성질환의 치료효과를 증대할 수 

있을 것이다라는 가설을 바탕으로 연구를 수행하였다.  
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손상된 신경조직을 근본적으로 재생할 수 있는 신경줄기세포에 

면역 억제 반응을 일으키는 Indolamine 2,3-dioxygenase(IDO) 

효소를 렌티바이러스를 이용해 발현하게 하였다. 그 결과, In 

vitro에서 IDO를 발현하는 신경줄기세포는 신경줄기세포만 사용한 

군에 비해 T 세포의 증식을 유의하게 억제하는 것으로 관찰 되었다. 

신경줄기세포 군에 비해 IDO를 발현하는 신경줄기세포 군에서 

IDO억제제인 1-MT를 처리한 결과 T 세포의 증식이 

신경줄기세포군과 비슷한 수준으로 회복되는 것을 관찰할 수 

있었다. 실험적 자가면역성 뇌척수염 (Experimental Autoimmune 

Encephalomyelitis) 동물 모델에서는 IDO발현 신경줄기세포를 

주입한 군에서 채취한 비장과 림프절에서 CD3+, CD25+ 활성화 T 

세포들의 수가 감소하고 FoxP3+ 조절 T 세포의 수가 유의하게 

증가되어 있는 것을 확인할 수 있었다. 또한 IDO발현 

신경줄기세포를 주입한 구의 뇌 조직에서 활성화 T 세포는 

유의하게 감소하였으며 조절 T 세포는 유의하게 증가하였음을 관찰 

할 수 있었다.  

결과적으로 IDO발현 신경줄기세포는 중추신경계의 면역반응에 

있어서 조절 T 세포의 유입을 증가시킴과 동시에 활성화 T 세포의 

증식을 억제함으로써 면역조절 효과를 일으키는 것으로 이해할 수 
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있다. 본 연구 결과를 통해 앞으로 다양한 신경퇴행성질환에서 

IDO발현 신경줄기세포의 치료효과를 검증하는 연구가 추가적으로 

진행되어야 할 것으로 사료된다. 

 

주요어: 신경줄기세포, Indoleamine 2,3-dioxygenase, 면역반응, 

퇴행성신경질환, 실험적 자가면역성 뇌척수염 

 

학번: 2011-21889 


	Introduction
	Materials and Methods
	Cell culture
	Immunocytochemistry (ICC)
	Western Blot Analysis
	Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
	Construction of Lentiviral Vectors and Establishment of Genetically Modified rat fetal NSCs
	Rat pan T cell isolation
	In vitro T cell proliferation assay
	Eexperimental autoimmune encephalomyelitis (EAE) animal model
	Flow Cytometry Analysis
	Immunohistochemistry
	Statistical Tests

	Results
	Rat fetal neural stem cells expressing IDO
	In vitro anti-inflammatory effects of IDO expressing NSCs
	Anti-inflammatory effect of NSC and NSC-IDO in vivo
	Immunosuppressive mechanism of IDO expressing NSCs

	Discussion
	Conclusion
	References
	Abstract in Korean


<startpage>2
Introduction 1
Materials and Methods 4
 Cell culture 4
 Immunocytochemistry (ICC) 4
 Western Blot Analysis 5
 Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 6
 Construction of Lentiviral Vectors and Establishment of Genetically Modified rat fetal NSCs 6
 Rat pan T cell isolation 7
 In vitro T cell proliferation assay 7
 Eexperimental autoimmune encephalomyelitis (EAE) animal model 8
 Flow Cytometry Analysis 10
 Immunohistochemistry 10
 Statistical Tests 10
Results 11
 Rat fetal neural stem cells expressing IDO 11
 In vitro anti-inflammatory effects of IDO expressing NSCs 15
 Anti-inflammatory effect of NSC and NSC-IDO in vivo 18
 Immunosuppressive mechanism of IDO expressing NSCs 23
Discussion 30
Conclusion 36
References 37
Abstract in Korean 41
</body>

