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2. Abbreviations 

 
APC   Antigen presenting cell 

BBB   Blood-brain barrier 

CAR   Chimeric T cell receptor 

CFA   Complete Freund’s adjuvant 

CNS   Central nervous system 

DMEM Dulbecco/Vogt modified Eagle's 
minimal essential medium 

EAE Experimental autoimmune 
encephalomyelitis 

FITC Fluorescein isothiocyanate 

Foxp3   Forkhead box P3 

GFP   Green fluorescent protein 

mAb   Monoclonal antibody 

MOG   Myelin oligodendrocyte glycoprotein 

MS   Multiple sclerosis 

MSC   Mesenchymal stem cell 

NK cell   Natural killer cell 

PBS   Phosphate buffered saline 

PFA   Paraformaldehyde 

PT   Pertussis toxin 

RPMI Roswell Park Memorial Institute 
medium 

scFv   Single chain variable fragment 

Treg   regulatory T cell 
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3. Abstract 

 
Multiple sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system 
(CNS). In MS patients, autoreactive immune cells destroy myelin-producing cells which lead 
to impaired nerve cell function. CD4+ CD25+ Foxp3+ regulatory T cells (Tregs) are important 
in restraining immune responses post infectious disease and in maintaining peripheral 
tolerance. Therefore, cell therapy using Tregs is an interesting option for future care of MS 
patients. However, general immunosuppression may be induced by systemic administration of 
Tregs and this treatment may lead to difficulties to handle infectious disease. In this study, 
Tregs were genetically engineered to express a CNS-specific receptor. We hypothesized that 
the engineered Tregs would specifically target to the CNS, and thereby only exert their 
immunosuppressive function at the site of autoimmunity. The receptor gene was inserted into 
T cells using a lentiviral vector system. The engineered Tregs were evaluated in vitro and in 
an animal model of MS to determine their function and efficacy. Furthermore, an intranasal 
administration route for effective brain delivery was established. The studies demonstrated 
that T cells could be engineered by gene technology to become CNS-specific Tregs that 
potently inhibited polyclonal-stimulated T cells in vitro. Further, cell therapy using 
engineered Tregs were able to localize to the CNS both post systemic or local delivery, and to 
cure mice in a model of MS. In conclusion, in vitro genetic engineering can be used to create 
Treg cells that efficiently enter the brain and suppress ongoing autoimmune reactions. 
Engineered Tregs have the capacity to become an interesting treatment for patients with lethal 
MS. 

 

 

Keywords:  

Multiple sclerosis, regulatory T cells, MOG, chimeric receptor, intranasal delivery. 
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4. Introduction 

 
4.1 Multiple sclerosis 

Multiple sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system 
(CNS) in which the patients experience a broad spectrum of neurological symptoms, 
especially cognitive and physical inabilities (Zajicek et al. 1995).The origin of MS is not fully 
elucidated. It is speculated that MS is due to an inflammation triggered by autoreactive T cells 
that penetrate through blood-brain barrier because of viral infections. The virus is yet to be 
identified but there are several interesting candidates such as Varicella Zoster, Ebstain Barr 
and Herpes simplex virus (Gilden, 2005). The breakdown of the blood-brain barrier due to the 
infection/inflammation induces a massive infiltration of both macrophages and T cells that 
attack the myelin sheath (Compston et al. 2008).  

The myelin sheath covers the neural axons and plays a crucial role in conduction of electric 
nerve signals. The site of immune destruction causes so-called plaques that can be detected by 
magnetic resonance tomography in the patients. Disseminated plaques are formed in the brain 
after continuous demyelinating relapses (Chari, 2007). The severity of disease is dependent 
on the number and location of the plaques. MS patients can exhibit almost any neurological 
manifestations, including difficulties with coordination and balance, muscle weakness and 
spasm, as well as metal instability and depression (Kurtzke, 1988).   

 

 

4.2 Immunotherapies for MS 

It is possible to determine the MS diagnosis at early stages of the disease. Hence, preventive 
and curative immune manipulation is a possible option in the future. However, current 
therapeutic strategies for MS aim to improve neural rehabilitation, as well as prevent further 
attacks and disability. There is no promisingly curative treatment option available for all types 
of MS so far (Compston et al. 2008).  

Immunosuppressive agents such as interferon beta and mitoxantrone will hamper disease 
propagation but is never curative (Fox, 2006). Lately, an antibody (Natalizumab) that blocks 
T cell entry into the brain has been used in patients that are in high risk of developing 
paralysis. It binds to cellular adhesion molecule α4-integrin that is required for leukocytes to 
migrate into organs. Natalizumab has been proven effective in reducing relapses and disability 
progression of MS in combination with interferon beta-1a.  Nonetheless, adverse events of 
this adhesion inhibitor are fatal, including severe infection and anaphylaxis. Reactivation of a 
virus is the most dangerous threat, with 1% of adopters unable to respond properly and one 
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third of patients with viral reactivation died. Moreover, 0.1% of the adopters experienced 
clinically significant liver injury (Rice et al. 2005). 

A treatment option used for a fraction of patients who have become severely impaired and 
sometimes even paralyzed, is autologous hematopoietic stem cell transfer. This therapy is 
only successful for those patients who have a typical relapsing-remitting type of MS. These 
patients show signs of recovery post every relapse. In Uppsala 9 patients received stem cell 
transplantation and most responded well to treatment (Fagius et al. 2009). It is believed that 
stem cell transfer function by clearing the autoreactive immune cells and resetting the immune 
system by the generation of a new immune system from the hematopoietic stem cells. So far, 
none of the cured patients have redeveloped MS but long term effects remain to be evaluated. 
The high-dose chemotherapy to eradicate the impaired immune system prior to receiving stem 
cells is a high risk treatment. Therefore, this curative therapy will only be used in patients 
with severe MS. Thus, development of novel less hazardous immunotherapies is needed 
(Costantino et al. 2008).  

 

 

4.3 Tregs 

Immune suppression can be obtained by intravenous infusion of suppressive cells, such as 
regulatory T cells (Tregs). Tregs suppress T cells, natural killer (NK) cells as well as B cells 
by a variety of mechanisms. Fox example, Treg cells release IL-10 and/or TGF-β that are 
involved in direct suppression of T cell proliferation and cytotoxicity. These factors will also 
prevent activation of antigen presenting cells (APCs) (Wieczorek et al. 2009). Moreover, 
requirement of cell-to-cell contact between Tregs and targeted cells was indicated by previous 
in vivo experiments, and additional interactions and signaling pathways can be involved as 
well (Mougiakakos et al. 2010). Regulation of Treg suppression during infection is not well 
elucidated. Nonetheless several pathogens such as HIV, tuberculosis, and malaria have 
evolved mechanisms to manipulate Tregs to suppress the host immune responses to potentiate 
their own survival (Cohen et al. 2004).  

Natural Tregs originate in the thymus and are believed essential in the induction of tolerance 
to self-antigens. For example, Treg deficient mice develop systemic autoimmunity (Suri-
Payer et al. 2006). Treg therapy is currently evaluated to hamper graft-versus-host disease in 
transplanted patients (Zerser et al. 2004) and has as well been evaluated in animal models of 
autoimmune disease including the MS model experimental autoimmune encephalomyelitis 
(EAE) (Stephens et al. 2009). Tregs were able to accumulate in the CNS and to reduce EAE 
severity (Suri-Payer et al. 2006). However, one of the major flaws that this therapeutic 
strategy suffers is that systemic application of Tregs may induce general immune suppression 
which increases the risk of infections or even carcinogenic propagation (Moisini et al. 2008). 
Furthermore, Tregs can convert into Th17 effector cells in an inflammatory environment 
which may enhance EAE (Litterman et al. 2010). 
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4.4 Foxp3 

The hallmark of Tregs is the transcription factor forkhead box family member Foxp3 
(O’Conner et al. 2008, Ziegler, 2006). Previous investigations have revealed that Tregs are 
absent when mice were Foxp3-deficient. Further, if the FoxP3 gene is transferred into naïve 
CD4+ T cells they are differentiated into Tregs (Hori et al. 2003). Such Tregs were able to 
successfully induce transplantation tolerance in a murine model using retrovirally gene-
modified cells (Chai et al. 2005). However, retroviral vectors are good but not optimal for 
gene transduction into T cells. A better transgene expression that generates a homogenous 
Treg population was developed by Allan and colleagues. They showed that lentiviruses were 
a better choice of gene vector (Allan et al. 2007). Hence, stable long-term FoxP3 expression 
may induce Tregs unable to convert into Th17 cells. 

 

 

4.5 Chimeric T cell receptor 

T cells can be retargeted to tumor tissue using chimeric artificial T cell receptors (CAR, 
Figure 1) (Bruno et al. 2002). Such genetically engineered T effector cells are now evaluated 
in clinical trials for cancer therapy (Moisini et al. 2008). In the current study, we hypothesized 
that Tregs could be engineered to target to the CNS and thereby limit their suppressive 
function to the area of autoimmune manifestations. 

 

 

 

 

 

 

Figure 1. A schematic figure of the anti‐MOG chimeric T cell 
receptor. The CAR was designed to compose of an anti‐MOG 
scFv  linked to an  intracellular zeta chain and a CD28 domain 
via a flexible antibody hinge domain. When the CAR binds to 
MOG it will trap the Treg and survival signal is transmitted via 
the  intracellular  domain  to  maintain  the  Treg  population 
(Pule et al.). 
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A CNS-specific CAR has been developed in Uppsala (unpublished results). By performing a 
bioinformatics study interesting candidates to target the CNS were evaluated. Myelin 
oligodendrocyte glycoprotein (MOG) is a membrane protein specifically expressed in the 
CNS (Seamons et al. 2003) and was chosen as a potential target. A single chain fragment 
(scFv) was cloned form a hybridoma producing anti-MOG antibodies. An intracellular T cell 
receptor domain (zeta chain) was linked to the extracellular anti-MOG scFv to build the CAR. 
To enhance T cell survival the intracellular costimulatory domain of CD28 is fused to the zeta 
chain. The CAR sequence was inserted into a lenti vector (Figure 2) to be expressed in CD4+ 
T cells. To drive Treg cell differentiation, the murine FoxP3 gene was expressed in trans with 
CAR in a bicistronic vector. In the current project, the different properties of the engineered 
Tregs were investigated, including capacity of inducing T cell suppression in vitro, CNS 
targeting and treatment efficacy in vivo.   

 

 

 

 

Figure 2. A schematic plot of the vector construct pRRL‐CMV‐
CAR‐Foxp3. 2a) The gene sequences of anti‐MOG CAR and Foxp3 
were inserted following the CMV promoter. A self‐slicing 2A 
peptide is located between the two genes. Upon transcription 
both genes are transcribed as one mRNA molecule. The 
translated protein is then self spliced into the two proteins CAR 
and FoxP3.  

 

 

 

4.6 Intranasal delivery 

Cells used in cell therapies are commonly infused in the blood stream or by intraperitoneal 
injection. Most cells are lost in the small capillaries in the lung or in other organs leading to 
general immunosuppression if immunosuppressive cells are given. This may be problematic 
even if a targeting device will trap cells in the CNS. Further, the blood-brain barrier may limit 
the ability of engineered Tregs to enter the brain upon systemic administration. In a study by 
Danielyan et al migration routes of fluorescently labeled cells were investigated upon 
intranasal delivery. Cells migrated from the nasal mucosa through the cribriform plate along 
the olfactory neural pathway into the brain and cerebrospinal fluid (CSF) (Danielyan L et al. 
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2009). Hence, to minimize distribution of engineered Tregs to peripheral organs intranasal 
delivery can be used for delivery into the CNS.  

 

Figure 3. Anatomy of  the nasal  cavity  and  relation  to  the 

brain  (Wermeling, 2009).  The  nasal  cavity  is  an  ideal 
region  for medication  to  the brain that bypasses  the blood‐
brain  barrier.  The  mucus  layer  on  turbinates  is  believed 
crucial for successful administration.  

 

 

 

 

 

 

 

 

 

 

4.7 The EAE model 

Our understanding of MS as an inflammatory disease has evolved due to the EAE murine 
model which is similar to human MS (O’Conner et al. 2008). EAE is induced in experimental 
animals by initial injection of an autoantigen from the spinal cord together with complete 
Freund´s adjuvant (CFA) and influenza virus boosts. The vaccination initiates an 
inflammatory reaction in the brain that causes a progressive paralysis affecting first the tail 
and hind limbs before processing to forelimb paralysis and eventually leading to death (for 
score values see Table 1). The occurring inflammation in the brain and spinal cord resembles 
the autoimmune reaction in MS and the pathology is similar to human disease (Dazzi et al. 
2007). However, there are differences between EAE and MS. Firstly, in contrast to MS, EAE 
is not a spontaneous disease but induced by active sensitization with brain tissue antigens. 
Secondly, murine MS does not enter cycles of remission-relapse but is a progressive disease. 
Despite these limitations, most of our current knowledge regarding principal mechanisms of 
brain inflammation has been gathered from studies on EAE (Mannie et al. 2009). 
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Table 1. Stages of EAE and the scoring criteria. 

Score  Symptoms 
 
0 
1 
2 
3 
4 
5 
6 

 
Healthy 
Flaccid tail 
Weakness of hind limb 
Partial paralysis in hind limb 
Paralysis in hind limb 
Weakness of forelimb  
Dying 

 

* EAE can cause severe wounds, nerve suffering and death. For ethical consideration, mice with score 5 are 
euthanized. 

 

In the current project, EAE is established by subcutaneous injection of MOG peptides 
emulsified in in CFA. Pertussis toxin is applied by intraperitoneal injection, as a reagent to 
break tolerance and allow effector cells access to CNS (Sriram et al. 2005). 
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5. Aims 
 

The overall aim of the research project was to develop a novel cell therapy for lethal MS. The 
specific goals of the current thesis were to evaluate: 

1: the in vitro function of genetically engineered Tregs;  

2: the in vivo targeting of engineered Tregs; 

3: the treatment efficacy of engineered Tregs; 

4: to establish intranasal delivery of Tregs to the brain.
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6. Materials and Methods 

 
6.1 Plasmids.  

 

6.1.1 Lenti-based plasmids (pRRL-CMV-CAR-Foxp3 and pRRL-CMV-GFP) 

The plasmids pRRL-CMV-CAR-Foxp3 and pRRL-CMV-GFP were constructed previously 
(unpublished results). Briefly, the αMOG scFv gene was cloned from a monoclonal 
hybridoma 8.18C5 (Kind gift from R. Harris, Karolinska Institute, Stockholm, Sweden), and 
inserted into a pLenti-based expression vector (pRRL-CMV or Mock) (from ViraPowerTM 
Lentiviral® Expression System, Invitrogen Co., Cat no. K4060-00) together with other gene 
domains building the CAR and murine Foxp3. A vector transferring the gene coding for green 
fluorescent protein (GFP) (oligonucleotide ordered from GeneScript Inc., Piscataway, NJ, 
USA) was used as a control vector. eNZATM Gel Purification Kit (OMEGA bio-tek Co., 
D2500-02, USA) and related enzymes (Invitrogen Co., Carlsbad, CA, USA.) were purchased 
and used according to company protocols. 

 

6.1.2 MLV-MOG 

The MLV-MOG plasmid was constructed previously by cloning the MOG peptide 
(oligonucleotide ordered from GeneScript Inc., Piscataway, NJ, USA) into a retroviral vector 
MLV-backbone (a kind gift from Malcolm K. Brenner, Baylor College of Medicine, Houston, 
TX, USA). 

 

6.2 Molecular cloning.  

 

6.2.1 Plasmid amplification 

Plasmids with the gene constructs were amplified by transfection into competent bacteria 
(MAX Efficiency® Stbl2TM Competent Cells, Invitrogen co. Carlsbad, CA, USA, Cat no. 
10268-019). Briefly, 2 µg of plasmid was mixed with bacteria and incubated on ice for 30 min, 
before heatshocked at 42 °C for 25 sec. Bacteria were cultured in 900 µl of SOC medium 
(supplied in kit) for 90 min at 30 °C, and spread on Ampicillin LB-plates to culture overnight 
at 30 °C. Colonies were expanded in 2 ml of LB medium (with 50 ng/ml ampicillin) for 16 
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hours for low yield preparation or expanded further in 250 ml of LB medium (with with 50 
ng/ml ampicillin) overnight for maximum yield plasmid preparation. 

 

6.2.2 Plasmid preparation 

Plasmids were prepared from bacteria by GeneJetTM MiniPrep Kit (Fermentas Co., Glen 
Burnie, MA, USA. Cat no. K0503) or  QIAGEN® Plasmid Maxi Kit (QIAGEN co., Hilden, 
Germany, Cat no. 12163). Briefly for minipreps, bacterial suspension was centrifuged at 4000 
rpm for 10 min, and lysed to release the plasmid content. The suspension was centrifuged 
through membrane columns collecting the plasmids. The plasmids were eluted from the 
membrane and the concentration was determined by nanodrop (NanoDrop 1000 
spectrophotometer, Thermo scientific, Wilmington, DE, USA); for maxipreps bacterial 
suspension was centrifuged at 4000 rpm for 10 min, and lysed to release the plasmid content. 
The suspension was centrifuged through membrane columns collecting the plasmids. After 
elution, plasmids were precipitated in 10.5 ml of isopropyl ethanol, collected by 
centrifugation at 20000 rpm for 30 min at 4 °C, and washed in 5 ml of 70% ethanol. Pellets 
were dissolved in 500 µl of MilliQ water. All plasmids were stored at -20 °C. 

 

6.3 Virus production.  

Lenti viruses were produced following the company manual of ViraPowerTM Lentiviral® 
Expression System (Invitrogen Co., Carlsbad, CA, USA. Cat no. K4060-00). Briefly, 4.5×106 
293FT cells were seeded on each Φ10 cm culture dish 24 hrs before transfected with a lenti-
based plasmid and packaging plasmids (pLP1, pLP2 and pLP/VSVG). After 2 days of culture 
the cells were harvested and the viruses were collected by ultracentrifugation (20000 rpm at 
4°C for 90 min) of lysed cells. Viral pellets were resuspended in DMEM and stored at -80 °C. 
Lentivirus transfected with vector pRRL-CMV-GFP was used as control of titration.  

 

6.4 Cell lines and primary cell culture. 

 

6.4.1 Murine splenocytes 

Splenocytes were obtained by mashing freshly collected spleens taken from C57BL6 mice in 
phosphate buffered saline (PBS) (produced by Rudbeck core facility, Uppsala, Sweden). The 
cell suspension was treated with BD Pharm LyseTM Lysing Buffer from BD Biosciences Co. 
to lyse erythrocytes. Cells were cultured in R10 medium (RPMI medium supplemented with 
10% fetal bovine serum, 1% Penicillin-Streptomycin, 0.1% Sodium Pyruvate, 1% Herpes and 
1% β-Mercaptoethanol), at 37 °C and 5% CO2. 
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6.4.2 Murine CD4+ T regulatory cells 

CD4+ cells were obtained by sorting splenocytes using magnetic beads (MACS CD4 
MicroBeads Mouse Kit, Miltenyi Biotec GmbH, Germany) following company protocol. 
Briefly, cells were incubated with CD4-specific beads, washed and separated in columns 
attached to a magnet. Attached cells were then eluated by removing the magnet. The selected 
CD4+ cells were then stimulated with 5 µg/ml of both αCD3 and αCD28 antibodies (BD 
PharmingenTM Purified anti-mouse antibodies, Miltenyi Biotec GmbH, Germany). Stimulated 
cells were given 30 U/ml of IL-2 every other day, and cultured in R10 medium, at 37 °C and 
5% CO2.  

 

6.4.3 293FT cells 

293FT cell line was thawed from laboratory stock, and cultured in DMEM medium 
supplemented with 10% fetal bovine serum, 1% Penicillin-Streptomycin, 0.1% Sodium 
pyruvate, and 500 µg/ml geneticin, at 37 °C and 7% CO2. 

 

6.4.4 MOG+ cells 

293FT cells were transfected with pMLV-MOG via GeneJuiceTM Transfection Reagent 
(Novagen® Co., Damstadt, Germany. Cat no. 70967) according to company protocol. Briefly, 
25 µl of GeneJuice was mixed with 475 µl of DMEM, and incubated at room temperature for 
5 min. 1 µg of pMLV-MOG was added and incubated at RT for another 20 min. Mixture was 
carefully dropped in dishes of 293FT cells. Expression of MOG peptide was evaluated 48 
hours after transfection. 

 

6.5 Lentiviral transduction. 

Tregs were seeded in 24-well plates at a density of 2×106/ml, stimulated with 5 µg/ml each of 
αCD3 and αCD28 antibodies (BD PharmingenTM Purified anti-mouse antibodies, Miltenyi 
Biotec GmbH, Germany) and 30 U/ml of IL-2 (ProleukinTM, Novartis AB, Täby, Sweden) for 
3 days, and concentrated in a volume of 50 µl by centrifugation. Viruses 100 µl/106 cells were 
added simultaneously to the addition of 0.6 µg/100 µl polybrene. The mixture was incubated 
for 4 hours, 500 µl of R10 medium was added. IL-2 was provided to the cells every other day 
(30 U/ml). 

 

6.6 Flow cytometry. 

Cells were harvested and washed in PBS before incubated 10 min at 4C with FITC 
conjugated mAb specific for the scFv (light chain; κ) (BD Biosciences, San Diego, CA). 



 
15 

 

Cells were washed with PBS and resuspended in 1% paraformaldehyde (PFA) in PBS. 
Samples were analyzed with the same settings for samples and negative controls on a 
FACScanton (BD Biosciences, San Diego, CA). 

 

6.7 Proliferation assay. 

Proliferation of splenocytes was evaluated by calculating total numbers of live and dead cells 
at different time points, and by thymidine-H3 incorporation assay. Splenocytes were 
stimulated for 3 days with 5 µg/ml αCD3 and αCD28 antibodies along with 30 U/ml of IL-2. 
Tregs and MOG+ cells were irradiated by 25 Gy to terminate proliferation. Diluted cells were 
mixed, given 1 µl/well of IL-2 and incubated in a round-bottom 96-well plate for 48 hours. 20 
µl/well of thymidine-H3 was added and incubated with cells for 8 hours. The cells were 
harvested and radioactivity counted by β-Counter (Harvestor 96® Mach III, Tomtec Co., 
Germany, 1495-021 Microsealer, Wallac Co., USA, 1450 Microbeta Liquid Scintillation & 
Luminescence Counter, PerkinElmerTM, USA).  

 

6.8 Immunohistochemical staining. 

Biopsies of murine brain were sectioned (MICROTOME Cryo-stat HM560, Microm 
Laborgeräte GmbH, Germany) and slides were washed in PBS/0.05% tween 20, stained with 
primary antibodies (anti-mouse Foxp3 and anti-MOG antibodies, purchased from SIGMA®, 
Melbourne, Australia.). Positive binding was detected by secondary step kit from Dako Inc., 
Cat no. K4004 (via a DakoCytomation Kit, Germany). All procedures followed company 
manuals. Briefly, biopsies were washed in PBS/0.05% tween 20, incubated subsequently with 
Peroxidase blocking reagent for 15 min, diluted αFoxp3 antibody for 1 hr, anti-rabbit 
Envision secondary antibody for 30, and AEC substrate chromogen for 15 min. Stained 
biopsies were fixed in hematoxyline for 5 min, and washed in tap water before fixation. 

 

6.9 Quantitative PCR (FoxP3). 

Biopsies were treated in a tissue lysis buffer, ATL (Qiagen Co. Germantown, MA, USA) at 
60 °C, 3h followed by DNA purification using High Pure Viral Acid kit (Roche Co., Penzberg, 
Germany). Quantitative-PCR was performed using the Real Time system (iCycler, Bio-Rad 
Laboratories, Inc, Hercules, CA, USA). The reaction was performed with iQ SYBR green mix 
(BioRad Co.). Primer pair was designed as follows: forward 5′-TTC CTT CCC AGA GTT 
CTT CCA C, reverse 5′-CCA GGA TGG CCC ATC GGA TAA G (oligonucleotides were 
synthesized by Cybergene AB, Huddinge, Sweden).  

 

6.10 Cellular membrane staining. 
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Tregs transduced with pRRL-CMV-CAR-Foxp3 were labeled with a fluorescent dye PKH2 
(PHK2 Green Fluorescent Cell Linker Kit, SIGMA®, Melbourne, Australia) according to 
company protocol. Briefly, 20 million cells were placed in a conical bottom polypropylene 
tube, and washed once with medium without serum. Cells were incubated with freshly diluted 
PHK2 dye at RT for 5 min. Samples were diluted with 4 ml of complete media and washed 
with PBS. 

 

6.11  Mice and intranasal delivery. 

C57BL/6 inbreed mice (Tactonic M&B, Ry, Denmark) were purchased at age of 4-6 weeks. 
Mice were fed ad libitum in the Animal Facility of Rudbeck Laboratory with water and dry 
pellets. Experiments were approved by regional ethics committee (Ethics number: C28/10, 
Uppsala Tingsrätt, Sweden). Intranasal delivery was performed by our collaborator Elena 
Piras at Uppsala University. Cells were concentrated to 20000/µl. Mice were anaesthetized, 
and injected 5 µl of cell reagent into nostrils with a 0.01-2.5 µl pipette (Eppendorf Co., 
Hamburg, Germany). Intraperitoneal injection was performed using 5 µl of cell suspension.  

 

6.12 EAE induction. 

EAE was induced by immunization of female C57Bl/6 mice with 200 μg of MOG 35-55 
peptides emulsified in CFA (Difco, BD Bioscience, East Rutherford, NJ, USA) containing 
5mg/ml of M. tuberculosis subcutaneously in both hind and front limbs. Pertussis toxin (100 
ng i.p.) was given at the time of immunization and a second dose 2 days later. Disease 
severity was monitored and scored according to Table 1. When the mean score value was 3 
(day 15), mice were treated by intranasal injections with 1x105 engineered Tregs, CD4+ 

Mock-transduced control cells dissolved in 10µl of PBS or 10µl PBS alone.  

 

6.13 Statistical evaluation. 

Mann-Whitney tests were performed to evaluate statistical significances of quantitative data 
between independent groups. P values <0.05(*), <0.001(**) and <0.0001(***) were 
considered significant. All statistical analyses were performed using Graph Pad Prism 4 
(Graph Pad softwere Inc., San Diego, CA, USA). 
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7. Results 
 

7.1 Gene expression. 

CD4+ T cells were transduced with the Lentiviral-CAR-FoxP3 virus. The established gene-
modified Tregs were then evaluated for their expression of the inserted transgenes CAR and 
FoxP3. Verifying expression of transferred genes plays an indispensable role in gene 
engineering, since gene transfer to lymphocytes is commonly difficult (Leen et al. 2010). 
Tregs were stained using a FITC labelled anti-kappa chain antibody to detect the scFv of the 
CAR receptor. The cells were then analyzed by flow cytometry. An expression rate of 10% of 
the total cell population consisting of mainly CD4+ T cells was detected (Figure 4a). Foxp3 is 
nucleus-localized and more difficult to analyze via flow cytometry. Instead  cells were 
spinned onto slides and stained using an anti-Foxp3 antibody and enzymatic secondary step 
detection (Figure 4b). FoxP3 detection was also confirmed using quantitative PCR. 

 

 

 

 

                      

                                                                         

 

 

 

Figure 4. Expression  of  CAR  and  Foxp3  in  T  cells.    4a)  Lentivector 
transduced cells were  labeled by a FITC‐conjugated anti‐scFv antibody 
and evaluated by  flow  cytometry. Naive CD4 T  cells were used  to  set 
the  negative  gate  as  shown  by  the  vertical  line,  this  determines 
background fluorescence. Cells to the right of the gate are determined 
as positive. 4b) Immunohistochemical staining with anti‐Foxp3 antibody 
indicated Foxp3 expression. Positive  cells are  stained  in  red  color. 4c) 
cDNA were prepared  from mRNA extracted  from naïve CD4 cells, cells 
transduced with  lenti  CAR/FoxP3  vector  or  cells  transduced  by Mock 
vector  (negative  control).  Foxp3 was  expressed  in  naïve  CD4+  T  cells 
since they contain about 5% Tregs but the expression was significantly 
increased in the CAR/FoxP3 T cells (left staple). 

4a                       4b    

4c
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293 FT cells were used to express MOG protein for later cocultures experiments using MOG 
reactive Tregs. In Figure 5 it is demonstrated that the MOG protein is abundantly expressed in 
MLV-MOG vector transduced 293FT cells. Detection was performed by immunohisto-
chemical staining with anti-MOG antibody (Figure 5).  

 

 

 

Figure 5. Expression of MOG in 293FT cells. | MOG protein 
expression  was  demonstrated  on  293FT  cells  by 
immunocytochemistry  using  a  MOG  antibody  and 
secondary enzymatic reaction. Positive staining is shown as 
a red color. 

 

 

 

7.2 Treg suppression capacity 

The ability of engineered Tregs to induce T cell anergy was demonstrated in vitro. Irradiated 
Tregs were admixed with stimulated T effector cells. T effector cell proliferation was then 
analyzed by a thymidine-incorporation assay in which proliferating cells will incorporate H3-
thymidine. The amount of thymidine is measured using a beta-counter and the counts per min 
are correlating to proliferative capacity. Proliferation of stimulated cells without the presence 
of Tregs is set to 100% and the proliferation of the other groups is compared to the stimulated 
cells. As shown in Figure 6, Tregs were able to suppress effector T cells in a 1:2 ratio 
(p<0.001). 

By mixing MOG+ cells into the cultures we were able to provide in vitro evidence that the 
presence of MOG protein will not significantly interfere with the suppressive effect of Tregs 
(p<0.01). This was a concern since MOG recognition by the CAR on the Tregs could 
potentially change their behavior. Similarly, stimulated macrophages were added to the 
culture. In the MS brain cytokine-producing macrophages may be one of the reasons for the 
low presence of Tregs in the brain of these patients since their cytokines may drive Treg cell 
differentiation toward a Th17 phenotype. As shown in Figure 6, the engineered Tregs 
remained suppressive in the presence of stimulated macrophages (p<0.05). 
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Figure 6. Tregs suppressed proliferation of stimulated 
T  cells.  Stimulated  T  cells  were  incubated  for  2  days 
with  irradiated engineered Tregs, +/‐ macrophages and 
+/‐ MOG+ 293FT  cells. H3‐Thymidine was added  to  the 
cultures and  the  cells were harvested onto  filters. The 
filters  were  analyzed  in  a  beta‐counter.  The  bars 
represent  standard  error  of  the  mean.  Significance 
between  groups were  tested  by  a Mann‐Whitney  test 
between  groups  of  engineered  Tregs  and  control 
(p<0.001), as well as between macrophages and control 
(p<0.05). 

 

 

7.3 CNS targeting  

After establishing the gene expression and the in vitro suppressive capacity of engineered 
Tregs the in vivo targeting of the Tregs to the CNS was investigated. The Tregs were stained 
with a strong membrane green fluorescent dye whereupon they were injected intraperitoneally 
into healthy mice. After 10 days the animals where sacrificed and the brains sectioned and 
analyzed by fluorescent microscopy. The fluorescent labeled Tregs were shown in the brain 
10 days after infusion (Figure 7a). Nonetheless, the cells were few which indicated that there 
might be a significant obstacle for cells to cross the blood-brain barrier. 

 

Figure 7. Tregs migrated into the brain. 7a) Transduced Tregs 
were  labeled by the  fluorescent dye PHK2 on the membrane, 
and  injected  i.p.  into healthy mice. Mice were euthanized  at 
different time points after injection for whole‐body sectioning. 
Tregs were found under fluorescent microscope in brain tissue 
(green dots). 7b) Tregs were injected into the right nostril of a 
mouse.  Multiple  disseminated  green  dots  indicated  their 
migration from nasal cavity to brain. 

7a 
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In the next experiment engineered Tregs stained with the membrane dye were administered 
intranasally. Migration of engineered Tregs into the brain was more evident using this 
administration route. The cells were abundantly disseminated in both cerebral hemispheres 
after the intranasal injection (Figure 7b). The nasal cavity is considered optimal for drug 
entrance into CNS owing to the vacancy of blood-brain barrier in the region. From the right 
nostril used for delivery, cells did not only penetrate into brain, but also through pons. As seen 
in repeated mice the intranasal delivery was a better method of cell administration into the 
brain and subsequently the method used in the following animal model using EAE mice. 

 

 

7.4 Therapeutic efficacy of Tregs  

EAE was induced in mice using myelin peptides mixed in Freund’s adjuvant and influenza 
vaccination accordingly to the world-wide established EAE model (Mannie et al. 2009). 
When the animals reached a mean disease score value of 2 (partly paralyzed in hind legs) they 
were treated with engineered Treg cells, mock-transduced CD4+ T cells or PBS control. Mice 
were monitored for disease score every day until mice in therapeutic groups reached a score 0. 
As shown in Figure 8 both CD4+ T cells  and engineered Tregs can control EAE (p<0.01), but 
the treatment effect was delayed in the CD4+ T cell group. The long-term efficacy and brain 
targeting remain to be evaluated in upcoming experiments. 

7b 
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Figure 8. Therapeutic effects of  intranasal Treg delivery. EAE was  induced  in mice by  injections of MOG‐CFA 
and PT on day 1 and 3. Mice were  treated day 15 when symptoms of EAE occurred. Mice  in both groups of 
Treg‐CAR and CD4+ cells recovered before day 21, while those in PBS group  stayed around score 2. In addition, 
therapeutic effect of CD4+ cells was delayed for about 2 days, compared to genetically engineered Tregs. 
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8. Discussion 

 
In the present study, genetically engineered Tregs that stably express both a CNS-targeting 
receptor and Foxp3 were generated via lentiviral transduction and evaluated for their in vitro 
and in vivo function. One of the major obstacles that the current method confronts still lies on 
efficient gene transfer to T cells. The fluctuation of gene expression between different 
transductions can be a consequence of any relevant step involved in the process such as the 
way of  T cell stimulation prior transduction, the transduction protocol (incubation times etc) 
or the promoter of choice in the vector. We used a protocol optimized by Pollock and 
collaborators were  CD4+ cells is stimulated with anti-CD3 and anti-CD28 antibodies prior to 
transduction with lentivectors (Pollock et al. 1999). Further refinement can include better 
transduction protocols or a method to better sort the engineered cells from the crude cell 
suspension after transduction. This population could then be expanded before cell therapy. 
Nevertheless, a homogeneous CD4+ CD25+ Foxp3+ Treg population is still difficult to obtain, 
and a promising protocol is yet expected for further success (Suri-Payer et al. 2006).  

Engineered Tregs were verified as immune suppressive by thymidine incorporation assays 
using polyclonally stimulated T cells. It has been speculated that MOG-reactive Tregs could 
convert into effector cells upon antigen recognition. However, in our study Tregs suppressed 
T effector cell proliferation in vitro even in the presence of MOG+ cells (p<0.001). Co-culture 
with activated macrophages did not reverse the suppressive capacity either (p<0.05). However, 
it is likely that longer time periods of co-culturing Tregs with either MOG+ cells or 
macrophages is needed for a possible conversion of Tregs into effector cells to take place. 
This will be further investigated in our research group. Treg cells suppress other immune cells 
by different mechanisms that can be either cell-to-cell contact or cytokine release dependent 
(Dazzi et al. 2007). Therefore, further studies on the engineered Treg phenotype and cytokine 
profile are required to ensure their phenotype and therapeutic effects.  

 

The  engineered Tregs were targeting the CNS in vivo, as shown by the detection of Tregs in 
the brain 10 days post intraperitoneal delivery. However, intranasal delivery was better than 
intraperitoneal injection. Multiple cells scattered in the brain was detected in those mice. 
Considering the fact that the mice in this study were naïve with intact blood-brain barrier, 
there might be a difference if administrated in therapeutic studies. Bypassing the blood-brain 
barrier by intranasal delivery is seemed to be an undoubtedly wise choice, since systemic 
exposure may induce general immunosuppression. Patients exposed to multiple pathogens 
may encounter severe problems to recover from infections. We aim to further study the 
systemic suppression and sensitivity to infection in upcoming studies when we compare 
therapeutic efficacy upon intraperitoneal or intranasal delivery.  Because of minimal effects 
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on peripheral organs, intranasal delivery could be developed for multiple therapies associated 
with cell implantation to CNS. 

 

Both engineered Tregs and mock transduced CD4+ T cells were able to cure EAE in mice 
(p<0.01). However, mice in the control CD4+ T cell group showed delayed recovery. The 
recovery in the engineered Treg group can most likely be explained by the higher amount of 
cells expressing the nucleus transcription factor Foxp3 promoting differentiation of Treg cells. 
Further, mock-transduced CD4+ T cells lacked the surface expression of MOG-CAR and were 
therefore unable to accumulate and stay in the brain. However, the therapeutic effect seen in 
the control group was expected since this population contains natural Treg cells. Systemic 
errors could exist due to the small sample sizes. Further, there were differences in severity 
between groups even from the start of therapy. Repetitive trials are hence necessary. In 
upcoming trials we will also study long time efficacy of engineered Tregs by re-challenging 
rehabilitated mice with a new dose of EAE inducers.  

There is a possibility that Tregs may change their suppressive phenotype and become 
activators in vivo since it has been shown that Tregs can differentiate into effectors called 
Th17 cells (Liu et al. 2006). Expression of Foxp3 possibly plays an important role in directing 
naïve CD4+ T cells to differentiate into Tregs (Ziegler et al. 2009). It therefore makes sense 
that engineered Tregs remained suppressive even in presence of MOG since they have a 
constitutive expression of transferred Foxp3. Since Th17 cells can be involved in autoimmune 
reactions as effectors and lead to exacerbation of EAE symptoms, it is necessary to perform 
relevant analyses such as to determine possible IL-17 responses in the subsequent studies. In 
general , it is important to evaluate the immunological responses at different time points post 
Treg cell therapy to understand the true mechanisms of action. 

 

Mesenchymal stem cells (MSCs) are also immunosuppressive cells. They are easier to obtain 
and culture in vitro than conventional Tregs (Ryan et al. 2005). Systemic treatment of MSCs 
have been evaluated in the EAE model with promising results (Ryan et al. 2007). Currently, 
treatment protocols for MS patients are discussed. In our laboratory we have evaluated 
retargeted CNS-specific MSCs with good results (unpublished results). 

 

In conclusion, engineered Tregs exhibit immunosuppressive function, target to the CNS by 
both intraperitoneal and intranasal delivery. Further, the engineered cells cured mice with 
EAE. CNS-targeting suppressor cells are an interesting option for future therapy of patients 
with lethal MS. 
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