
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

의학석사 학위논문 

 

Regulatory T cell-mediated immunological 

tolerance induced by anti-CD154 

monoclonal antibody monotherapy in 

intrahepatic murine allogeneic islet 

transplantation model 

 

간내 동종 췌도 이식 모델에서 항 CD154 

단클론 항체 단일요법에 의해 유도된  

조절 T 세포 매개 면역 관용  

 

2017 년 2 월 

 

 

서울대학교 대학원 

의과학과 의과학 전공 

변 나 리 



 

 

 

A thesis of the Degree of Master 

 

간내 동종 췌도 이식 모델에서 항 CD154 

단클론 항체 단일요법에 의해 유도된  

조절 T 세포 매개 면역 관용  

 

 Regulatory T cell-mediated immunological 

tolerance induced by anti-CD154 

monoclonal antibody monotherapy in 

intrahepatic murine allogeneic islet 

transplantation model 

 

February 2017 

 

 

Major in Biomedical Sciences  

Department of Microbiology and Immunology 

Seoul National University Graduate School 

Nari Byun 

 



 

 

 
Regulatory T cell-mediated 

immunological tolerance induced by 

anti-CD154 monoclonal antibody 

monotherapy in intrahepatic murine 

allogeneic islet transplantation model 
 

by  

Nari Byun 

 

 

A thesis submitted to the Department of Microbiology 

and Immunology in partial fulfillment of the 

requirements for the Degree of Master in Medical Science 

at Seoul National University College of Medicine 

 

 

December 2016 

 

 

Approved by Thesis Committee: 

 
Professor                    Chairman 

Professor                    Vice chairman 

Professor                     

 



간내 동종 췌도 이식 모델에서  

항 CD154 단클론 항체 단일요법에 의해 

유도된 조절 T 세포 매개 면역 관용  

지도교수 박 정 규

이 논문을 의학석사 학위논문으로 제출함

2016 년 10 월 

서울대학교 대학원 

의과학과 의과학 전공 

변 나 리 

변나리의 의학석사 학위논문을 인준함 

2016 년 12 월  

위  원  장                (인) 

부 위 원 장                 (인) 

위       원                (인) 



i 

 

ABSTRACT 

 

Introduction: Combination of costimulation blockades has been known to 

prevent graft rejection and induce immunological tolerance in some 

transplantation model. Pancreatic islet transplantation can cure the diabetic 

patients with hypoglycemic unawareness. In this thesis, a new murine islet 

transplantation model in which the islets were transplanted into the liver of 

diabetic recipient simulating the clinical islet transplantation model was set up 

and the immune-regulatory effect of anti-CD154 mAb monotherapy was 

investigated.  

 

Methods: Islets from Balb/c mice were transplanted into recipient liver via 

cecal vein. Anti-CD154 mAb (0.5 mg per mouse) was administered 

intraperitoneally on days -1, 0, 1, 3, 5, and 7 after transplantation. Graft 

function was assessed by the blood glucose level of recipients. A second graft 

transplantation was performed beneath the renal capsule. ELISpot assay was 

conducted to determine the existence of antigen specific CD8
+
 T cells. 

Immunohistochemical staining of the graft was done. 

 

Results: Short-term administration of anti-CD154 mAb alone allowed for 

long-term survival of islet graft transplanted in the liver. The second islet graft 

transplanted into renal subcapsular space was not rejected, confirming the 

achievement of immunological tolerance. ELISpot analysis of the recipients’ 

splenocytes showed IFN-γ secreting antigen specific CD8
+
 T cells confirming 

the existence of antigen specific T cells. Allogeneic islets were transplanted 
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into CD1d KO mice and they were followed by treatment with anti-CD154 

mAb. The result showed the same long-term graft survival as in the wild type 

recipients, indicating NKT would not be involved in the immune tolerance 

induction. However, in BALB/c to DEREG allogeneic islet transplantation, 

the depletion of regulatory T cells by diphtheria toxin evoked graft rejection, 

suggesting that the regulatory T cells play a critical role in the maintenance of 

immunological tolerance.  

 

Conclusions: I, for the first time, showed that anti-CD154 mAb monotherapy 

was sufficient to prevent the graft rejection and to induce immunological 

tolerance in intrahepatic murine allogeneic islet transplantation. Regulatory T 

cells were critical for the maintenance of the immunological tolerance. This 

study could contribute to reveal the underlying mechanisms of anti-CD154 

mAb’s role in immune regulation. 

--------------------------------------------------------------------------------------------- 

Keywords: Intrahepatic islet transplantation, Anti-CD154 mAb,  

Tolerance, Regulatory T cell  

Student number: 2013-23527  
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INTRODUCTION 

 

T lymphocytes play a crucial role in graft rejection when transplantation is 

conducted. The graft rejection is initiated by antigen recognition of recipient T 

cells, which have the ability of recognizing donor-derived antigens. 

Stimulation of T cells by donor antigen presenting cells has been called ‘direct’ 

recognition, and by self-antigen presenting cells has been called ‘indirect’ 

recognition (1). Clonal expansion and differentiation into effector cells are a 

hallmark of T cell activation (2). Two signals are required for T cell activation 

including T cell receptor (TCR) signal, and costimulatory signal (3). The 

well-known costimulatory signals in T cell activation are CD28/B7, ICOS/B7-

H2, CD40-CD154, OX40-OX40L, and so on. 

The CD40-CD154 signal is one of the critical costimulatory signals that are 

essential for the activation of T cells during immune responses (4). CD154 is 

mainly expressed on activated T cells but not on resting T cells, and CD40 is 

constitutively expressed on antigen presenting cells such as dendritic cells, 

macrophages, and B cells (5). Through the CD40-CD154 signal, antigen 

presenting cells up-regulate major histocompatibility complex (MHC) and 

costimulatory molecules including CD80 and CD86 (6). In addition, the 

CD40-CD154 signal is essential for B cells in humoral immunity, namely 

high titers of isotype-switch, affinity maturation in antibodies. Its interaction 

is required for the cytokine production by macrophages and dendritic cells. 
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Consequently, the CD40-CD154 signaling performs critical role in adaptive 

immunity (7) .  

Immunological tolerance can be induced by inhibiting the CD40-CD154 

signal (8). Achieving immunological tolerance in transplantation field is 

important because immunosuppressants to prevent the graft rejection may 

have side effects in recipients. Achievement of immunological tolerance can 

reduce the dose and number of immunosuppressive drug and re-

transplantation will not become difficult.  

Immunological tolerance is subdivided into central tolerance (e.g., positive 

and negative selection in primary lymphoid organs) and peripheral tolerance 

(e.g., deletion, anergy, and regulatory T cells in peripheral tissues or 

secondary lymphoid organs) (9). To induce central tolerance, the transfer of 

donor hematopoietic stem cells (HSC) to the recipient is needed. Peripheral 

tolerance can be induced by immunosuppressive therapy in usual 

transplantation recipients relatively in easy way.  

Anti-CD154 mAb treatment is a representative costimulatory blockade to 

induce immunological tolerance. There are experimental studies using anti-

CD154 mAb in transplantation fields (4, 10). The first ever CD154 blockade 

was applied to cardiac transplantation. The results showed lower expression 

of inducible nitric oxide synthase and inhibition of alloantibody responses in 

the CD154 blockade-treated mice (11). In another study, the CD154 

blockadewas used along with donor-specific transfusion (DST) in cardiac 

allograft model. This result showed that the grafts from recipient mice had 

down-regulation of B7 expression (12). Most studies using anti-CD154 mAb 



3 

 

were conducted with combined therapy of DST or other immunosuppressive 

drugs such as rapamycin (13) or CTLA4-Ig (14). These combined therapy 

have been reported in skin (15-17) and islet allograft transplantation (18, 19). 

In skin transplantation study, anti-CD154 mAb monotherapy led to the 

survival of skin grafts with 50% of rejection in recipients, whereas combined 

therapy (anti-CD154 mAb/DST) led to indefinite survival of skin grafts. 

Similarly, in an islet graft case, approximately 40% of allogeneic islet 

recipients could maintain normal blood glucose levels, while 37 of 40 

recipients showed long-term survival of grafts with anti-CD154 mAb and 

DST combined therapy.  

However, there are few papers about the achievement of long-term graft 

survival with the usage of anti-CD154 mAb monotherapy in islet allograft 

transplantation (18, 19). In this study, anti-CD154 mAb monotherapy was 

applied to murine allogeneic islet transplantation to induce peripheral 

tolerance.  

Islet transplantation has been considered as the most efficient treatment for 

type 1 diabetic patient who suffers from hypoglycemic unawareness. A study 

in non-human primate islet transplantation has been carried out with anti-

CD154 mAb as combined therapy to prolong graft survival (20). However, 

the exact mechanisms of prolonged graft survival with anti-CD154 mAb 

combined regimen still remain unknown. 

To find out the mechanism of prolonged graft survival with anti-CD154 

mAb regimen, appropriate experimental murine model would be essential. 

Conventionally, murine allogeneic islet transplantation has been conducted 
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beneath the renal capsule, but in the cases of non-human primates and human, 

islet transplantation site is not in the same with that of rodents. In their case, 

islet implantation is conducted into liver through jejunal vein indirectly (21).  

As well known, the microenvironment of liver is unique compared to other 

organs because of its cellular composition (22). In the liver, there are several 

antigen presenting cells such as conventional antigen presenting cells (e.g., 

dendritic cells), liver sinusoidal endothelial cells (LSECs), kupffer cells, and 

hepatic stellate cells. Liver parenchymal cells (hepatocytes) also participate in 

immune response as antigen presenting cells. Moreover, the liver is composed 

of natural killer (NK) cells and NKT cells which constitute up to 50% of liver 

lymphocytes in mouse (23). In particular, it is well known that NKT cells 

have both pro-inflammatory and anti-inflammatory function (24, 25). 

Therefore, murine allogeneic islets need to be transplanted into liver as the 

same transplant site of the higher mammals for the investigation of 

immunological events in the liver after transplantation.  

For this reason, I and my colleagues developed an islet transplantation 

method via cecal vein to mimic non-human primate or human islet 

transplantation (26). It is an indirect perfusion method performed similarly in 

higher mammals. This intrahepatic islet transplantation procedure would be a 

proper experimental method to study immunological events which occur in 

non-human primate or human islet transplantation. 

 The mechanisms of immunological tolerance include clonal deletion, 

anergy, and regulatory T cells. The existence of the antigen specific T cell 

clone could be determined by tetramer staining, in vivo cytotoxicity assay and  
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ELISpot analysis (27). The anergic status of the T cell clones could be tested 

by ex vivo restimulation of T cells with specific antigen along with 

appropriate costimulation (28). The contribution of  regulatory T cells to 

immunological tolerance could be tested by depletion of regulatory T cells by 

anti-CD25 mAb (29, 30) or diphtheria toxin in DEREG mice (31).  

The aim of this study is to reveal the effect of anti-CD154 mAb 

monotherapy in intrahepatic murine allogeneic islet transplantation model. As 

the results, immunological peripheral tolerance was induced and it was 

demonstrated that regulatory T cells play a critical role in the intrahepatic 

murine allogeneic islet transplantation model. 
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MATERIALS AND METHODS 

 

Mice 

Recipient: 

8-10 week-old female C57BL/6 (B6) mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). B6 background Forkhead box P3 (Foxp3) 

Green Fluorescent Protein (GFP) knock-in mice were a gift from Dr. 

Alexander Y. Rudensky (Memorial Sloan Kettering Cancer Center, New York, 

NY). Foxp3 GFP knock-in mice were used to effectively trace regulatory T 

cells. 

 

8-10 week-old female B6 background Foxp3 diphtheria receptor (DTR) 

mutant mice which express knocked-in human diphtheria toxin receptor and 

enhanced GFP (eGFP) were used to deplete regulatory T cells. It is called as 

DEREG mouse. They were purchased from The Jackson Laboratory. 

 

8-10 week-old female B6 background CD1d
-/-

 mice which have NKT cell 

deficiency were obtained from the laboratory of Dr. Dong-Sup Lee 

(Department of Anatomy, Seoul National University). 

 

Donor: 

8-10 week-old female Balb/c mice were used as allogeneic islet donor.  
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All animal experiments were approved by the Seoul National University 

Institutional Animal Care and Use Committee (IACUC no. SNU-150508-1-1) 

 

Monoclonal antibodies and diphtheria toxin administration 

Allogeneic islet recipients received anti-CD154 mAb at 0.5 mg per mouse on 

days -1, 0, 1, 3, 5, and 7 post-transplantation. 

On days 50, 52, 54, and 56 after transplantation, anti-CD25 mAb at 0.25 mg 

per mouse was injected to anti-CD154 mAb treated mice.  

Diphtheria toxin (DT) was administrated on days 28, 29, 31, and 32 post-

transplantation at 1.5 μg per mouse. The in vivo activity of DT could be 

unique in each injection, so the concentration of DT for every experiment was 

titrated as described elsewhere (31).  

 

Diabetes induction 

Diabetes was induced in B6 mice by injecting 180 mg/kg of streptozotocin 

(STZ; Sigma-Aldrich Korea, Yongin, Korea). STZ injection was done once at 

5-6 days before transplantation. When the blood glucose level of mice was 

over 16.8 mmol/L (=302.67 mg/dL), mice were considered diabetic (32).  

 

Islet isolation 

Murine islet isolation from Balb/c mice was conducted with conventional 

method (33). The procedure is briefly written as below:  

Murine islets were isolated using 0.5 mg/mL of collagenase P (Roche, 

Indianapolis, IN) in Hanks’ balanced salt solution (HBSS; Mediatech, 
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Herndon, VA). After the incubation in 37°C and Ficoll gradient purification 

steps, islets were picked out by hand. Islets were stabilized by culturing in 

RPMI 1640 medium supplemented with 10% FBS over night before the 

experiments. One islet equivalent (IEQ) was defined as a 150-μm diameter of 

islet. 

 

Islet transplantation 

After islet isolation, hand-picked islets were transplanted into two different 

sites in B6 background diabetic recipient mice as below: 

1. Intrahepatic islet transplantation  

The scientific article covering intrahepatic islet transplantation via cecal 

vein was published last year (26). First of all, after the mouse was 

anesthetized with oxygen and isoflurane, clip the hair on the abdominal 

region of mouse. After incision of skin and peritoneum, aseptic drape was 

spread on the abdomen of mouse. After taking the cecum out, find a 

suitable cecal vein using an operation microscope, and then infuse 700 

IEQs of islets. After infusion, hemostat material should be put at the 

needle puncture site. To efficiently stop bleeding, compression must be 

done for at least 1 minute. As the last step, the peritoneum and skin were 

sutured with a surgical thread, and antibiotics and painkiller cocktail were 

injected via subcutaneous route. 
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2. Renal subcapsular islet transplantation  

Renal subcapsular islet transplantation was done as previously described 

with slight modifications (34). After mouse anesthetization, clip the hair 

on the left flank of the mouse. After small incision of skin and 

peritoneum, expose the kidney. Using a 30-gauge needle, make a small 

scratch on the kidney capsule. 500 IEQs of islets in PE50 tubing are 

released into the nick of the kidney capsule. To stop bleeding, high 

temperature cautery kit was used. Suture step is the same as above. 

 

Blood glucose level higher than 250 mg/dL on 2 consecutive days was 

defined as rejection of the graft (35). 

 

Immunohistochemistry 

Allogeneic islet transplanted kidney and liver samples were fixed in 4% 

paraformaldehyde, and then embedded in paraffin. 4 μm-thick tissue slides 

were deparaffinized with xylene and rehydrated with gradient ethanol. 

Prepared slides underwent heat-induced antigen retrieval method with Tris-

EDTA solution at pH 9.0 to expose the epitopes more efficiently, and then 

were washed with Tris-buffered saline with Tween 20 (TBST, pH 8.0). By the 

treatment of peroxidase blocking solution (DAKO, Glostrup, Denmark) and 

protein block solution (Ultra V block; Thermo Scientific, Waltham, MA 

USA), non-specific staining could be prevented. These slides were incubated 

with rabbit anti-CD3 primary antibody (DAKO) for 1hr at room temperature 

and then washed three times for 5 min each in TBST. After that, slides were 
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incubated with anti-rabbit IgG antibody as a secondary antibody for 30 min 

and washed three times in TBST as the previous step. Next, treatment with 

chromogen was performed. Similarly, these slides were incubated with rat 

anti-Foxp3 primary antibody (eBioscience, San Diego, CA) for 1 hr at room 

temperature and washed three times for 5 min each in TBST. After that, slides 

were incubated with anti-rat IgG antibody as a secondary antibody for 30 min 

and washed three times in TBST as previous step. The same staining 

procedure was performed with guinea pig anti-insulin antibody (DAKO) as a 

primary antibody for 30 min and anti-guinea pig IgG antibody as a secondary 

antibody for 20 min. After the slides were washed three times in TBST, 

treatment of chromogen was performed. All of the stained slides were dried at 

60°C in a drying oven and mounted with aqueous mounting medium (Thermo 

scientific). Using Carl Zeiss Axio Imager A1 microscope, the stained slides 

were observed and images were taken with AxioVision software (Carl Zeiss, 

Oberkochen, Germany) (36). 

 

Cell sorting for Enzyme-linked Immunospot (ELISpot) assay 

To detect interferon gamma (INF-γ) secreting CD8
+
 T cells against allogeneic 

antigens, splenocytes were isolated from the recipient mice. Subsequently, 

these cells were stained with APC-Cy7-anti-mouse CD8 antibody and PerCP-

anti-mouse CD4 antibody (eBioscience). Cell sorting was done by a 

FACSAria (BD Immunocytometry Systems, San Jose, San Diego, CA, USA).  
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IFN-γ ELISpot assay 

At first, PVDF plates (EMD Millipore Corporation, Billerica, MA, USA) 

were activated by 20 μL of 35% ethanol per well for 1 min. The plates were 

washed with sterile water and PBS three times each (100 μL/well). Purified 

anti-mouse IFN-γ capture antibody was diluted to 15 μg/mL in PBS and was 

added 100 μL /well. These plates were incubated overnight at 4°C. After 

incubation, the capture antibodies were discarded and coated plates were 

washed three times with sterile PBS. To block non-specific binding, 10% 

FBS-supplemented RPMI 1640 media was put into each well and the plates 

were incubated for 2 hours at 37°C in a 5% CO2 incubator. Responder CD8
+
 T 

cell number was set as 7 × 10
4 
and these T cells were cultured with 5 × 10

5 

wild type Balb/c splenocytes (20 Gray γ-irradiation) in RPMI 1640 media 

supplemented with 10% FBS for 24 hours at 37°C in a 5% CO2 incubator. 

After the incubation, cells were removed and the plates were washed with 

PBST and PBS three times each (100 μL/well). Biotinylated anti-mouse IFN-γ 

detection antibody diluted as 3 μg/mL in PBS was added into plates. The 

plates were then incubated overnight at 4°C. Detection antibodies were 

discarded and washed with PBST and PBS with three times each 

(100 μL/well). Streptavidin–horseradish peroxidase was diluted at 1:100 in 

100 μL ELISA assay diluent buffer (eBioscience) and then put into each well. 

The plates were incubated for 2 hours at room temperature. Then the plates 

were washed with PBST and PBS with three times each (100 μL/well). As the 

last step, 100 μL of AEC substrate was added. The color development was 
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stopped within 10 minutes by washing with tap water. The spots were 

analyzed by ELISpot Reader System (AID, Strassberg, Germany). 

 

Flow cytometry 

Peripheral blood was harvested from retro-orbital plexus of mice. To block 

non-specific binding, the blood was incubated with 2.4G2 (anti-mouse Fc 

receptor antibody) at room temperature for 10 minutes and washed with 

FACS buffer. Because GFP Foxp3 knock-in mice were used in this 

experiment, PerCP-Cy5.5 conjugated anti-CD4 and APC-Cy7 conjugated 

anti-CD45 antibodies (eBioscience) were used to trace the percentage of 

regulatory T cells. These cells were stained by anti-CD4 and anti-CD45 

antibody for 30 min on ice with light-protection. After two times of washing 

steps, cells were re-suspended in FACS buffer and then analyzed. The 

measurement of the number of regulatory T cells was performed with BD 

Trucount
TM 

tubes. 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism 5 (GraphPad 

Software, La Jolla, CA). Data were compared using the unpaired two-tailed 

Student’s t test. The P-values were defined as: * level of significance, P<0.05; 

** level of significance, P<0.01. 
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RESULTS 

 

Intrahepatically transplanted murine allogeneic islet showed long-term 

graft survival with anti-CD154 mAb monotherapy  

First of all, murine allogeneic islet transplantation was conducted to reveal 

the effect of anti-CD154 mAb administration in intrahepatic islet 

transplantation model. It is well known that the renal subcapsule-transplanted 

allogeneic islets could survive for longer than 50 days after treatment with 

anti-CD154 mAb plus additional reagents but the administration of anti-

CD154 mAb alone did not affect graft survival dramatically (18, 37, 38), even 

though it is the immunosuppressant of choice in conventional islet 

transplantation models.  

In my experiment, the intraperitoneal administration of anti-CD154 mAb 

with higher dose than conventional dose (13, 39) and frequent injection 

schedule, i.e. on days -1, 0, 1, 3, 5, and 7 at 0.5 mg per mouse, made 

allogeneic islet graft in liver survive for more than 50 days with anti-CD154 

mAb monotherapy (Fig. 1). 

The result demonstrated that the long-term survival of islet allografts was 

achieved with 0.5 mg of anti-CD154 mAb alone on days -1, 0, 1, 3, 5, and 7 

injections in intrahepatic islet transplantation models.  
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Figure 1. Peripheral blood glucose levels of intrahepatic murine 

allogeneic islet transplantation model. 

Normal glucose levels were maintained for longer than 50 days after 

transplantation with anti-CD154 mAb monotherapy in intrahepatic murine 

allogeneic islet transplantation model. Six recipient mice (#1-#6) were used 

for experiment 
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The maintenance of normal blood glucose level was dependent on 

transplanted allogeneic islet 

In order to prove whether the maintenance of normal glucose level was 

dependent on the grafts or not, endogenous islets in the pancreas of 

intrahepatic islet transplant recipients were assessed by immunohistochemical 

staining (Fig. 2). 

Commonly, nephrectomy is performed to check the graft dependency of 

glycemic control in renal subcapsular islet transplantation model (40). If the 

blood glucose level is abnormally high after nephrectomy, it means that 

transplanted islets have controlled the blood glucose level. 

However, graft removal was impossible in intrahepatic islet transplant 

recipients because liver exists as a single organ in the body unlike the kidney. 

So, remaining pancreatic islets were checked indirectly. When intrahepatic 

islet transplant recipients were sacrificed, their pancreas were removed and 

immunohistochemical analysis was conducted. There were nearly no insulin 

secreting islets in the pancreas of intrahepatic islet transplant recipients (Fig. 

2B) compared to normal control mice (Fig. 2A).  

These results suggested that the maintenance of normal blood glucose level 

in intrahepatic islet transplant recipients with anti-CD154 mAb monotherapy 

was dependent on transplanted allogeneic islets. 
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Figure 2. Histologic appearance of pancreas 

Pancreas tissue section was stained with anti-insulin antibody to reveal insulin 

secreting pancreatic β-cells. (A) Pancreas of normal B6. (B) Pancreas of 

intrahepatic islet recipient that was injected STZ to induce diabetes. Original 

magnification 200ⅹ.  
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The long-term graft survival was the result of tolerance in intrahepatic 

islet transplantation 

To confirm whether the long-term graft survival under anti-CD154 mAb 

treatment condition in intrahepatic islet transplantation model was the result 

of immunological tolerance or not, a second transplantation was performed. 

On days 90-100 after transplantation, 500 IEQ of islets were implanted 

beneath the renal capsular space. In this case, I couldn’t remove the initial 

graft in the liver. If additional STZ were injected to remove initial graft, the 

toxic effects of STZ (e.g., kidney or liver damage) might have affected the 

second graft. As the insulin from primary graft would function to maintain 

normoglycemia, the hyperglycemic change could not indicate the rejection of 

second graft. Thus, the graft rejection should be determined by direct 

immunohistochemical analysis of the second grafts. To reveal pancreatic β-

cells, T cells, and regulatory T cells, immunohistochemical staining was 

conducted with anti-insulin, anti-CD3, and anti-Foxp3 antibodies.  

After 2 weeks of transplantation without any drugs, many CD3
+
 T cells 

infiltrated the graft site and there were few regulatory T cells near islets (Fig. 

3A and B). On the other hand, there were more regulatory T cells in initial 

islet transplantation site compared to the rejected graft when anti-CD154 mAb 

was administrated (Fig. 3C and D).  

Histological appearances of second graft site did not show any difference 

with that of initial islet graft. After 2 weeks of second islet transplantation, the 

distribution and number of CD3
+
 infiltrating T cells or regulatory T cells were 

similar to the initial transplant condition. (Fig. 3E and F). The result at 4 
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weeks after second islet transplantation showed similar pattern to that of 2 

weeks’ result (Fig. 3G and H). 

The preservation of second graft shown in immunohistochemical analysis 

suggested that short-term anti-CD154 mAb monotherapy in intrahepatic 

allogeneic islet transplantation could induce immunological tolerance.  
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Figure 3. Histologic appearance of second transplanted beneath renal 

capsular space in intrahepatic islet transplantation model 

Islet transplant kidney tissue section was stained with anti-insulin, anti-CD3, 

and anti-Foxp3 antibodies to show pancreatic β-cells (red), T cells (brown), 

and regulatory T cells (blue), respectively. (A-B) Kidney samples from islet 

transplant recipient without any costimulatory blockade or 

immunosuppressive drug. (C-D) Kidney samples from islet transplant 

recipient with anti-CD154 mAb at 0.5 mg per mouse on days -1, 0, 1, 3, 5, 

and 7 as the regimen in this study. (E-F) Kidney samples from second islet 

transplant recipient already received initial islet into liver with anti-CD154 

mAb regimen (2 weeks). (G-H) Kidney samples from second islet transplant 

recipient already received initial islet into liver with anti-CD154 mAb 

regimen (4 weeks).  

(A, C, E, G) Original magnification 100 ⅹ 

(B, D, F, H) Original magnification 400 ⅹ 
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Allogeneic antigen-specific T cell clones were not depleted 

To delineate the mechanisms of  the immunological tolerance, ELISpot 

assay with the second graft recipients’ splenocytes was performed (42). 

2 weeks and 4 weeks after second graft transplantation, recipients were 

sacrificed and the splenocytes were isolated. CD8
+
 T cells were sorted for 

ELISpot assay (Fig. 4). In both time points, the numbers of IFN-γ secreting 

alloantigen-specific CD8
+ 

T cells were slightly increased compared to naïve 

mice (Fig. 4A and C). The spots were shown in Fig. 4B and D. The numbers 

of IFN-γ secreting alloantigen-specific CD8
+ 

T cells at 2 weeks and 4 weeks 

after second graft transplantation were not significantly different. 

These results indicated that short-term treatment of anti-CD154 did not 

deplete alloantigen specific CD8
+
 T cells and the immunological tolerance 

would be induced by the mechanisms other than the clonal deletion.  
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Figure 4. allogeneic antigen specific IFN-γ ELISpot assay  

The number of IFN-γ secreting antigen specific CD8
+
 T cells from islet 

recipients after the second graft and the spots in the well. Two second graft 

recipient mice (#1, #2) were used for each experiment. (A-B) Sorted CD8
+
 T 

cells from splenocytes in recipients after 2 weeks of second islet graft were 

analyzed. (C-D) Sorted CD8
+
 T cells from splenocytes in recipients after 4 

weeks of second islet graft were analyzed. The spots were analyzed by 

ELISpot Reader System. P-values were obtained using the unpaired two-

tailed Student’s t test.  
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NKT cells were not associated with immunological tolerance  

Next, I focused on the immune regulatory cells which is another 

mechanism of peripheral tolerance.  

NKT cells are abundant in the liver and they have both pro-inflammatory 

and anti-inflammatory functions. NKT cells comprises up to 50% of hepatic 

lymphocytes (23). To elucidate the role of NKT cells in intrahepatic 

allogeneic islet transplantation model with anti-CD154 mAb monotherapy, 

islet transplantation was conducted on CD1d
-/-

 mice which lacks NKT cells.  

Allogeneic islets survived for longer than 50 days in 4 out of 4 NKT cell-

deficient recipients with anti-CD154 mAb monotherapy (Fig. 5) suggesting 

that NKT cells were not necessary to anti-CD154 mAb induced 

immunological tolerance.  
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Figure 5. Peripheral blood glucose levels of intrahepatic murine 

allogeneic islet transplantation into NKT cell deficient mouse 

Normal glucose levels were maintained for more 50 days after transplantation 

with anti-CD154 mAb monotherapy in intrahepatic murine allogeneic islet 

transplantation into NKT cell deficient mouse (CD1d
-/- 

mouse). Four CD1d
-/- 

recipient mice (#1-#4) were used for experiment. 
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Regulatory T cells are essential for peripheral tolerance of graft in 

intrahepatic allogeneic islet transplantation model 

Next, I thought regulatory T cells can play an important role in this model 

equally as in other transplantation model (39, 44, 45). To confirm the 

importance of regulatory T cells, I depleted regulatory T cells in vivo with 

anti-CD25 mAb. Approximately 87% of regulatory T cells express CD25 on 

their surface (46) and the usage of anti-CD25 mAb is a conventional method 

to deplete regulatory T cells (29, 30). 

Anti-CD25 mAb (0.25 mg per mouse) was intraperitoneally administrated 

into intrahepatic allogeneic islet recipients on days 50, 52, 54, and 56 after 

transplantation (Fig. 6). On day 196 after islet transplantation, 1 of 6 

recipients showed a sign of rejection (Fig. 6A). I checked the percentage of 

regulatory T cells in peripheral blood after the administration of anti-CD25 

mAb. Before anti-CD25 mAb administration, the percentage of regulatory T 

cells was 5.8% of CD4
+ 

T cells. When the treatment finished, the percentage 

of regulatory T cells dropped to 1.65% (Fig. 6B). Even though approximately 

90% of regulatory T cells express CD25 on their surface (46), some 

researchers figured out that about 60 to 70% of regulatory T cells can be 

removed using anti-CD25 mAb (29, 30). Figure 6 also showed 71% of 

regulatory T cell depletion. To rule out the role of remaining regulatory T cells 

by anti-CD25mAb mediated depletion, DEREG mouse was used for the 

recipient. Intrahepatic allogeneic islet transplantation was performed in 

diabetic DEREG mice with the same drug regimen (Fig. 7). After treatment of 

DT for regulatory T cell depletion, the blood glucose levels of recipients 
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increased (Fig. 7A) by the rejection of islet graft. The percentage of regulatory 

T cells in peripheral blood from DEREG recipient which received DT were 

checked. The average percentage of regulatory T cells before DT treatment 

was 4.9%. After the administration of DT, regulatory T cells were virtually 

eliminated. The numerical value of regulatory T cells decreased below 0.27% 

(Fig. 7B). About 95% of regulatory T cells were removed this time.  

These results suggested that the regulatory T cells contributed to the anti-

CD154 mAb mediated immunological tolerance in intrahepatic allogeneic 

islet transplantation model. 
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Figure 6. Depletion of regulatory T cells by anti-CD25 mAb  

On days 50, 52, 54, and 56 after transplantation, anti-CD25 mAb was 

administered i.p. at 0.25 mg per mouse. Six recipient mice (#1-#6) were used 

for experiment. The glucose levels were checked (A) and the percentage of 

remaining regulatory T cells in peripheral blood from retro-orbital plexus was 

analyzed by flow cytometer (B).  
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Figure 7. Depletion of regulatory T cells in DEREG mouse 

On days 28, 29, 31, and 32 after transplantation, diphtheria toxin was 

administered i.p. at 1.5 μg per mouse. Two DEREG recipient mice (#1, #2) 

were used for experiment. The glucose levels were checked (A) and the 

percentage of remaining regulatory T cells in peripheral blood from retro-

orbital plexus was analyzed by flow cytometer (B). 
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The ratio of regulatory T cells in the graft site was not significantly 

increased 

The depletion of regulatory T cell resulted in the graft rejection indicating 

the critical role of the regulatory T cells in the achievement of immunological 

tolerance. To confirm the suppressive effect of regulatory T cell on site the 

ratio and distribution of regulatory T cells in the graft site was analyzed by 

immunohistochemical staining.  

At first, to evaluate the structure of cells and tissues, hematoxylin & eosin 

staining was conducted (Fig. 8A and B). Immune cells such as CD3
+
 T cells 

(brown) and Foxp3
+
 regulatory T cells (blue) existed in graft sites of 

intrahepatic murine allogeneic islet recipients (Fig. 8C and D). In rejected 

graft sites in untreated recipients, there were no insulin-secreting islets and it 

seemed like the immune cells filled the space of rejected islets (Fig. 8C). On 

the other hand, in tolerated graft sites in recipients who received anti-CD154 

mAb, there were insulin-secreting islets and several immune cells in the peri-

islet region (Fig. 8D). To determine the ratio of Foxp3
+
 regulatory T cells vs. 

CD3
+
 T cells, immune cells within 30 μm from islets were counted (Fig. 8E). 

The ratio of regulatory T cells to total T cells was not significantly different 

between rejected and tolerated graft.  
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Figure 8. Histological appearance of immune cells and the ratio of 

regulatory T cells per total T cells in liver where islets were transplanted. 

Intrahepatic islet transplant recipient liver tissues without anti-CD154 mAb 

as control (A, C) and with anti-CD154 mAb (B, D) were analyzed by 

hematoxylin & eosin (A, B) and immunohistochemical staining (C, D). Anti-

insulin, anti-CD3, and anti-Foxp3 antibodies were used to show transplanted 

β-cells (red), T cells (brown), and Tregs (blue), respectively. (E) The 

percentage of Foxp3
+
 Tregs in CD3

+ 
T cells was shown. P-values were 

obtained using the unpaired two-tailed Student’s t test. 
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DISCUSSION 

Here, I induced immunological peripheral tolerance with anti-CD154 mAb 

monotherapy in intrahepatic murine allogeneic islet transplantation. The 

mechanisms of long-term graft survival or tolerance induced by using anti-

CD154 mAb with additional costimulatory blockade, immunosuppressants, or 

bioreagents were revealed in several studies. Metzler B. et al suggested 

allogeneic chimerism is the mechanism of preventing acute and chronic 

rejection in mouse skin transplantation model with anti-CD154 mAb, anti-

LFA-1, and donor bone marrow transplantation combined regimen (48). 

Monk NJ released the result of anti-CD154 mAb and rapamycin therapy in 

mouse skin transplantation model. They demonstrated the selective depletion 

of activated T cells (13). Barlett AS et al found out that the inhibition of pro-

inflammatory cytokines results in long-term graft survival of rat liver 

transplantation with anti-CD154 mAb and Cyclosporine A (49).  

Quite a few researchers have suggested that the induction or generation of 

regulatory T cells is the mechanism of inducing peripheral tolerance in murine 

islet transplantation model with anti-CD154 mAb-combined therapy (39, 44, 

45). Particularly in renal subcapsular murine islet transplantation model, the 

contribution of induced CD4
+
CD25

+
Foxp3

+
 regulatory T cells was proven 

(39). However, there was no study for regulatory T cell-mediated tolerance 

mechanism in intrahepatic murine islet transplantation model with anti-

CD154 mAb mono or combined therapy.  
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The action mechanisms of regulatory T cell suppression were proven in 

vitro as follows: 1) suppression by inhibitory cytokines (i.e. IL-10, TGF-β), 2) 

cytolysis (i.e. Granzyme A or B), 3) suppression by metabolic disruption, and 

4) suppression by targeting dendritic cells through CTLA-4 (50). In vivo, the

immune privilege site can be generated locally in transplanted tissues by 

regulatory T cells (51). Regulatory T cells modulate antigen presentation and 

develop a local anti-inflammatory microenvironment, so they could induce 

immune privilege sites such as the eye, brain, testes, and placenta. In anti-

CD154 mAb monotherapy-treated islet recipients, second grafts were intact 

and surrounded by regulatory T cells. This area could have been converted 

into the immune privilege sites when islets were implanted (Fig. 3).  

In this study, immunological tolerance was induced by anti-CD154 mAb 

monotherapy in intrahepatic allogeneic murine islet transplantation model and 

its mechanism was based on regulatory T cells. But I couldn’t figure out how 

the CD40/CD154 blockade affects regulatory T cells directly. Isabel Vogel et 

al studied the relationship of Foxp3
+ 

regulatory T cells and costimulatory 

stimulation. All experiments were performed in vitro. The signals via 

costimulatory molecules are required for priming and activation of naive T 

cells, but how they contribute to regulatory T cells is less clear. They treated 

CTLA-4Ig and anti-CD154 mAb to the cultures. Then, T cell proliferation 

was strongly controlled and the suppressive activity of Foxp3
+
 regulatory T 

cells was observed. Their results showed that Foxp3
+
 regulatory T cells were 

less dependent on B7-CD28 or CD40-CD154 costimulation compared to 

effector T cells (52). These results demonstrated that the phenomenon of 
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increased number of regulatory T cells is not the specific mechanism. About 

the relationship of regulatory T cells and costimulatory stimulation, my 

hypothesis is as in the following: It can change the balance of effector T cells 

and regulatory T cells in vivo. Blocking costimulation pathway has the power 

to inhibit immune responses (53), but regulatory T cells are required for 

blocking costimulatory signal in tolerance induction (54). In other words, 

regulatory T cells would become dominant over effector T cells with low 

availability of costimulatory molecules. As a further study, analysis of T 

lymphocyte percentage in grafts or secondary lymphoid organs in intrahepatic 

islet recipient with anti-CD154 mAb monotherapy needs to be conducted.  

Next, the study for regulatory T cell subtype is required. Regulatory T cell 

is represented by two populations: 1) natural regulatory T cell (nTreg), and 2) 

inducible regulatory T cells (iTreg). nTreg develops in the thymus during T 

cell maturation (55) and iTreg arises as the consequence of peripheral T cell 

activation (56). It is reported that nTregs are distinguished by the higher 

expression of PD-1 (Programmed cell death-1), neuropilin 1 (Nrp1), Helios 

(lkzf2), and CD73 (57). To confirm each population’s contribution to 

immunological tolerance induction in intrahepatic islet transplantation with 

anti-CD154 mAb monotherapy, lymphocyte analysis by flow cytometry can 

be used in vitro and nTreg or iTreg adoptive transfer could be applied to 

immuno-deficient recipient mouse in vivo. 

To figure out other cellular mechanism of regulatory functions, intrahepatic 

islet transplantation was performed into CD1d
-/-

 mouse because liver has 

abundant NKT cells which have the dual characteristics of pro-inflammatory 
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and anti-inflammatory functions (24, 25). Some researchers investigated the 

effects of NKT cells on the induction of transplant tolerance without (41) and 

with immunosuppressive reagents such as anti-CD4 (58), cyclophosphamide 

(59), anti-HMGB1 (60), and anti-CD154 (61-63). Atsushi Toyofuku et al 

conducted intrahepatic islet transplantation via portal vein into liver in CD1d
-/-

 

mouse which showed deficiency of NKT cells without any 

immunosuppressive reagents. They compared survival days between wild 

type and CD1d
-/-

 mouse. When NKT cells were deficient, mean survival time 

was extended about two-fold compared to NKT cell-competent mouse. (wild 

type : 9.2±0.5 days vs. CD1d
-/-

 : 23.7±3.2 days) (41). It means that NKT 

cells do not affect long-term graft survival or tolerance induction positively in 

intrahepatic islet transplantation model. I conducted allogeneic murine islet 

transplantation into CD1d 
-/-

 mouse via cecal vein with anti-CD154 mAb 

monotherapy. In these mice, graft survival days were over 60 days (Fig. 5). 

This result was in agreement with Atsushi Toyofuku’s study. Even though 

NKT cells have regulatory function, NKT cells were not crucial for graft 

long-term survival in islet transplantation with anti-CD154 mAb monotherapy. 

However, S.H. Yang et al showed the regulatory function of NKT cells in 

islet transplantation with anti-CD154 mAb. The different point is that their 

islet transplantation was conducted beneath renal subcapsular space (63).  

In this study, I treated anti-CD154 mAb at 0.5 mg per mouse on days -1, 0, 

1, 3, 5, and 7 after transplantation. Conventional dose for administration is 

0.25 mg per mouse (13, 39). Sometimes, anti-CD154 mAb was treated at 0.5 

mg per mouse (48). However, there was not an administration schedule which 
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was the same as this study. Usually anti-CD154 mAb was treated 4 times on 

days 0, 2, 4, and 6 (39) or twice on days 0 and 4 (48). Aldo A. Rossin et al 

tested islet allograft survival after treatment with varying doses of anti-CD154 

mAb (0.05 mg, 0.25 mg, and 0.5 mg). Even though they treated the dose of 

0.5 mg per mouse as the same administration dose in this study, graft survival 

through 90 days wasn’t achieved. They administrated antibody weekly for 7 

times (18). Comparing to renal subcapsular islet transplantation studies by 

Aldo A. Rossin (18) and Ivana R. Ferrer (42), immunological tolerance was 

induced in intrahepatic islet transplantation with anti-CD154 mAb 

monotherapy and it might have been because of the higher dose of 

administration and frequent treatment schedule.  

To confirm the immunological tolerance in intrahepatic islet transplantation 

model, second graft was conducted on 90-100 days after the initial graft (Fig. 

3). While second islet transplantation can be done at the counterpart of the 

first islet-implanted kidney in renal subcapsular space transplantation model, 

second graft into liver couldn’t be performed, although direct approach to 

portal vein could be done because the transplantation procedure was 

conducted via cecal vein as an indirect infusion manner. However, it had 

considerable points: 1) high risk of infection due to large incisions in 

abdominal region, and 2) intestinal adhesion. Even though they were 

overcome, the first graft and the second graft couldn’t be distinguished. Hence, 

second islet transplantation to confirm the immunological tolerance in 

intrahepatic islet transplantation model was conducted into renal subcapsular 

space. 
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In Figure 8C and D, there are some considerations as below. First of all, the 

histological appearances of graft sites were different between the rejected 

graft without anti-CD154 mAb and tolerated graft with anti-CD154 mAb. The 

former liver tissues were obtained on days 26 after islet transplantation and 

later ones were on days 256. Depending on sampling time, the aspect of 

immune cell infiltration could be different (64). Nicole Kirchhof et al showed 

immunostaining for liver specimens obtained after intraportal porcine islet 

xenotranplantation from non-immunosuppressed rhesus monkeys. When graft 

was damaged, immune cells infiltrated the site and insulin secreting islets 

were nearly absent at an early time point post-transplantation (64). To 

compare the aspect of infiltrating cells in parallel, graft sampling date should 

be matched.  

As shown in Figure 8E, the percentage of Tregs in total T cells in 

intrahepatic islet recipients is similar with that in graft-rejected mice. 

Although it is already known that intra-graft regulatory T cells are important 

for peripheral tolerance in renal capsular islet transplantation model with anti-

CD154 mAb/DST combined therapy (47), it could be inferred that regulatory 

T cells in graft site of intrahepatic islet transplant recipients with anti-CD154 

mAb monotherapy might be relatively less important compared to those of 

renal subcapsular islet transplant recipients. However, there is no doubt that 

Tregs from elsewhere are important to induce immunological tolerance, 

because loss of Tregs resulted in graft rejection (Fig.7).  

Secondary lymphoid organs such as spleen and lymph nodes can be 

candidates of Tregs’ origin in intrahepatic murine allogeneic islet 
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transplantation model. N. Gagliani et al demonstrated that the tolerance to 

pancreatic islets in renal subcapsular space was initiated in graft and sustained 

in the spleen (65). They induced tolerance with anti-CD45RB mAb, 

rapamycin, and recombinant human IL-10, named “combined protocol” in the 

study. Simply, allogeneic islet recipients who gave combined protocol showed 

100% graft survival after splenectomy on 30 days after transplantation, but 

when splenectomy was conducted on 150 days after transplantation, graft was 

rejected within 2 weeks. In spite of different immunological tolerance 

induction regimen between N. Gagliani’s and our study, data are in agreement 

with the mechanism for graft tolerance, i.e. regulatory T cells (Fig.4 and 7). 

Thus, further studies need to be conducted to reveal the role of secondary 

lymphoid organs in intrahepatic allogeneic islet transplantation model with 

anti-CD154 mAb monotherapy.  

In summary, there are two findings in this study. First, immunological 

tolerance was induced in intrahepatic murine allogeneic islet transplantation 

with anti-CD154 mAb monotherapy. Second, the mechanism of 

immunological tolerance in model is based on regulatory T cells, not anergy 

nor clonal deletion. Nevertheless, reiteration is required in some experiments 

(e.g., ELISpot assay and intrahepatic islet transplantation into DEREG mouse) 

because quantity of recipients was not enough to acceptably represent the 

result.  

Consequently, this study has the meaning: It is the first study to indicate 

that regulatory T cells are essential for the induction of tolerance to allogeneic 

islets transplanted into liver with anti-CD154 mAb monotherapy. I hope that it 
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can be useful in studies on tolerance mechanisms in islet transplantation for 

higher mammals with therapies containing anti-CD154 mAb.  
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국문 초록 

 

서론: T 세포의 활성을 조절할 목적으로 한 공동활성분자에 대한 저

해제 혼합요법은 일부 이식 모델에서 이식편의 거부를 막고, 면역관

용을 유도한다고 알려져 있다. 췌도이식은 저혈당 무감증이 있는 환

자를 치료할 수 있는 방법으로 알려져 있으며, 관련된 면역학적 기

전을 밝혀내기 위해서 생쥐모델에서의 연구가 필요하다. 본 연구에

서는 임상 췌도이식 모델을 모방하여 당뇨가 유발된 수여 생쥐의 

간 내로 췌도를 이식하는 새로운 생쥐 췌도이식 모델을 고안하였고 

CD154 에 대한 단클론 항체 단일요법의 면역조절 효과에 대해 연구

를 수행하였다.  

 

방법: Balb/c 생쥐의 췌도를 맹장 정맥을 통해 수여 생쥐의 간 내로 

이식하였다. 마우스 당 0.5 mg 의 CD154 에 대한 단클론 항체를 이식 

전, 이식 당일, 이식 후 1,3,5,7 일 총 6 회 복강 내로 주입하였다. 이

식편의 기능은 수여 생쥐의 혈당 수치로 확인하였고, 면역 관용임을 

증명 하기 위해 두 번째 췌도를 신장 피막 하에 이식하였다. 항원 

특이 CD8
+
 T 세포의 존재 여부를 확인하기 위하여 ELISpot assay 를 

수행하였으며, 면역 조직 화학적 염색으로 이식편 내의 면역세포들

을 분석하였다.  
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결과: 단 기간의 CD154 에 대한 단클론 항체 단일요법을 적용한 간

내 췌도이식 모델에서 이식편이 오래 생존함을 확인하였다. 신장 피

막 아래로 두번째 췌도이식을 통해 면역관용의 유도를 확인하였으

며, ELISpot assay 를 통해 IFN-γ 를 분비하는 동종의 항원 특이적 

CD8
+
 T 세포가 존재함을 확인하였다. CD154 에 대한 단클론 항체를 

처리 한 간내 동종 췌도이식을 CD1d KO 마우스에 수행한 결과, 야

생형과 마찬가지로 이식편이 오래 생존하여 NKT 세포는 면역관용 

유도에 관여하지 않는다고 할 수 있다. 반면 DEREG 마우스에 췌도

를 이식하고, 디프테리아 독소로 조절 T 세포를 완전히 제거하였을 

경우에 면역거부반응이 일어났다. 따라서 이는 조절 T 세포가 면역

관용 유지에 있어서 중요한 역할을 한다는 것을 제시한다.  

결론: 본 연구는 처음으로 간 내로의 마우스 동종 췌도이식 모델에

서 CD154 에 대한 단클론 항체 단일요법이 면역거부반응을 막고, 면

역관용을 유도할 수 있음을 보여주었다. 조절 T 세포가 면역관용의 

유지에 중요한 역할을 하고 있음을 밝혔으며, 본 연구가 면역조절에 

있어서 CD154 에 대한 단클론 항체의 작용기전을 밝히는데 기여를 

할 수 있을 것이라 생각한다. 

---------------------------------------------------------------------------------------------- 

주요어 : 간내 췌도 이식, 항 CD154 단클론 항체, 면역 관용,  

조절 T 세포 
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