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ABSTRACT  
 

Introduction: Inducing immunological tolerance to transplant is the ultimate 

goal in transplantation field. It has been reported that the pancreatic islet 

transplantation across the minor histocompatibility of H-Y (male antigen) 

could induce immunological tolerance to male antigen in female C57BL/6 

mice resulting in the acceptance of male skin graft without any 

immunological manipulation. In this study, I tried to find out the underlying 

mechanisms of the immune tolerance. 

Methods: Female RAG2-/- Marilyn mice having transgenic TCR specific for 

H-Y peptide were transplanted with male skin on left flank or with male islet 

underneath the kidney capsule. Before and after the islet transplantation, 

CD4+ T cells were analyzed for expression of Foxp3 by flow cytometry. 

Subsequent male skin transplantations were operated to male islet recipients 

to verify the establishment of immunological tolerance.  

Results: Female Marilyn mice rejected male skin graft within 24 days, but 

accepted male islet graft indefinitely and did not reject the subsequently 

transplanted male skin. Flow cytometric analysis of the peripheral blood of 

these mice revealed the emergence of CD4+FoxP3+ regulatory T cells (Treg) 

which are normally absent in naïve Marilyn mice. These induced Treg cells 

were antigen-specific and played an important role in the prevention of the 

rejection of male skin graft. The suppressive function of inducible Treg (iTreg) 

cells was confirmed by in vitro Treg suppression assay. In addition, the 

positive correlation between the number of iTregs and the passenger 
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leukocytes accompanied by the transplanted male islets provide clues to the 

role of the passenger leukocytes in the iTreg induction. 

Conclusions: Pancreatic islet transplantation across H-Y disparity induced 

iTregs and contributed to the establishment of transplantation tolerance.  

This model could be an asset for the characterization of de novo induced 

iTreg cells.  

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

Keywords: Immune Tolerance, Islet Transplantation, Regulatory T Cells 

Student number: 2007-22000 
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INTRODUCTION 

 

Transplantation is a curative treatment for end-stage organ failures including 

type 1 diabetes. However, strong immunosuppressants should be applied to 

the recipients to prevent the rejection of grafts (1), and the resulting 

generalized immune suppressions may provoke life-threatening side effects, 

such as opportunistic infections and malignancies (2, 3). Therefore, specific 

suppression of immune responses by inducing immunological tolerance to the 

transplant is the ultimate goal in the field of transplantation. In several studies, 

it was shown that co-stimulatory blockade or co-receptor blockade regimen 

may induce transplantation tolerance (4-9). In these studies, regulatory T cells 

(Treg), in particular the inducible Treg (iTreg) cells played a crucial role (10).  

The regulatory T cell (Treg) having suppressive function was proved by 

Sakaguchi and his colleagues (11). They first observed autoimmune 

oophoritis after neonatal thymectomy in mice (12). Next, they identified the 

requirement of T cells for the prevention of the organ-specific autoimmune 

diseases (13, 14) . Eventually, they found the suppressive subset of T cells, 

the CD4+CD25+ Treg cells. While the transfer of CD4+CD25- cells into the 

athymic nude mouse caused an autoimmune disease, the co-transfer of 

CD4+CD25+ Treg cells prevented it (11). Although CD4+CD25+ cells mainly 

represent Treg cells, activated T cells also express CD25 (IL-2 receptor α). 

Thus, CD4+CD25+ double expression is not a lineage-specific marker of Treg 

cells. Many research groups endeavored to find the Treg-specific marker, and 

eventually, Foxp3 (forkhead box P3) had been identified as the lineage-

specific marker of Treg cells. The Treg-specific expression of Foxp3 was 

identified, and it was found that forced expression of Foxp3 rendered naïve 

CD4+ T cells suppressive (15-18).  
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Contrary to natural Treg (nTreg) cells generated during thymic T cell 

development, iTreg cells are induced in the periphery (19). Several 

investigators reported peripheral iTreg cell by various induction methods. 

Chen et al. (20) demonstrated in vitro conversion of CD4+CD25- naïve T cells 

to CD4+CD25+ regulatory T cells through stimulation with T cell receptors 

(TCRs) and transforming growth factor (TGF-β) (20). Minute peptide antigen 

delivery by osmotic pump or oral antigen delivery has been shown to induce 

iTreg cells in mice (21, 22). Also, targeted antigen delivery to dendritic cells 

with antigen cross-linked anti-DEC-205 antibody could induce iTreg cells 

(23). In addition, skin graft with non-depleting anti-CD4 antibody induced 

iTreg cells for donor antigen (4).  

In this study, minor histocompatibility antigen was used to study 

transplantation rejection and immunological tolerance against a specific 

antigen. Histocompatibility antigens are products of polymorphic genes 

recognized by the immune system following the exchange of organs or tissues 

between genetically different individuals (24). The major histocompatibility 

complex (MHC) which presents peptide antigens to T cells is most 

polymorphic between individuals, and the transplantation between MHC-

mismatched individuals causes rapid graft rejection. However, graft rejection 

can also occur even when MHC-matched tissues are transplanted. This 

immune response is directed against minor histocompatibility antigens which 

are peptide products of ubiquitously expressed proteins. These peptides are 

expressed at the cell surface within the peptide binding groove of the MHC 

molecules, where they can be recognized by circulating CD4+ and CD8+ T 

cells (25). H-Y antigen is the most well-known minor histocompatibility 

antigen. H-Y antigen is encoded by a gene on the Y chromosome. H-Y 

antigen could be studied in every inbred mouse strain, since males were the 

natural congenic partner for females of the same strain (26). Minor 
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histocompatibility antigens, especially the H-Y antigens do in fact have 

clinical importance. The first clinical report was that rejection occurred in a 

female patient who received a bone-marrow graft from her HLA-identical 

brother (27). Furthermore, there were reports that male recipients of female 

stem-cell grafts had an increased risk of graft-versus-host disease (28, 29). 

Female recipients had an increased risk of rejection against male 

hematopoietic stem cell transplantation (30). In solid organ transplantation, 

female recipients of male organs had high rates of acute immunological 

rejection in corneal (31), cardiac (32, 33), hepatic (34), pulmonary (35) and 

renal (36, 37) transplantation. In a multi-center cohort study with 195,516 

kidney allograft recipients, male donor and female recipient combination had 

the highest risk of failure compared with other gender combinations in 1 year 

and 10 years follow-up (38).  

 It has been known that the skin graft across H-Y minor histocompatibility 

antigen mismatch is normally rejected (26, 39). However, in our previous 

report (40), islet transplantation across H-Y barrier without any 

immunological manipulation induced H-Y antigen-specific immunological 

tolerance which prevented the rejection of subsequent male skin graft in 

C57BL/6 (B6) mouse model. In that study, the percentage of CD4+FoxP3+ 

Treg cell was increased after the male islet transplantation. It was speculated 

that the increased Treg cells would be iTreg cells induced by male islet 

transplantation, and that the immunological tolerance might be established by 

these iTreg cells.  

In this study, male islet transplantations were conducted in B6.RAG2-/- 

Marilyn mice which have male antigen specific CD4+ T cells but do not have 

CD4+FoxP3+ Treg cells. CD4+FoxP3+ Treg cells could be induced in this 

strain by the male islet transplantation. This induction of CD4+FoxP3+ iTreg 

cells was compatible with our hypothesis in the previous report; iTreg cell 
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induction by male islet transplantation without any immunological 

manipulation. The induced immunological tolerance was confirmed by the 

acceptance of subsequent male skin graft. The suppressive function of iTreg 

cells was confirmed by in vitro suppression assay. In addition, potential 

factors that influence the process of iTreg induction in this male islet 

transplantation were explored, and the passenger leukocytes accompanied by 

the transplanted male islets were found to be important determinants in the 

iTreg induction.  

In fact, solid organs and cellular grafts contain bone marrow-derived 

hematopoietic cells of donor origin, namely the passenger leukocytes (41). 

Passenger leukocytes are bone marrow-derived hematopoietic cells that are 

carried within the interstitium of organ allografts (42). After implantation, 

they rapidly migrate to the recipient’s lymphoid organs, where they can 

activate alloreactive T lymphocytes (43-45). Therefore, it was widely thought 

that passenger leukocytes can stimulate the host immune response to the 

allograft (42). Several studies have shown that depletion of these passenger 

leukocytes can lead to prolongation of graft survival (46-51). These findings 

have also led to clinical trials attempting to reduce the immunogenicity of 

allografts by eliminating passenger leukocytes (52). However, recipients that 

have achieved a long-term acceptance of liver(53) and kidney(54) allografts 

have been found to have a persistent population of donor-derived leukocytes 

in their peripheral lymphoid compartment, a state called ‘microchimerism’ 

(55, 56). Therefore, an essential role of this persistent microchimerism in 

long-term graft acceptance has been suggested (57, 58). It was speculated that 

passenger leukocytes may play an important role in the development of host 

unresponsiveness to donor antigens (42, 59).  

Indeed, several studies have reported the essential role of the passenger 

leukocytes in the induction of transplantation tolerance. In some donor-
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recipient combinations in pigs and rodents, liver allografts containing large 

numbers of donor-derived passenger leukocytes are spontaneously accepted 

(60, 61). However, when the passenger leukocyte-depleted liver grafts were 

transplanted, they were unable to induce an immunological tolerance (62). 

Abrogation of transplantation tolerance by depleting donor leukocytes not on 

day 18 but on day 0 revealed the essential role of passenger leukocytes in 

immunomodulatory effects on the induction phase of allograft acceptance (56). 

It has long been established that pre-transplant donor-specific blood 

transfusions (DST) result in the enhancement of vascularized allografts in 

rodents (63-65). However, DST alone did not induce tolerance, the 

combination of DST and allograft induced the inhibition of anti-donor 

response (66). When heart allografts were depleted of passenger leukocytes, 

tolerance induction in DST-treated recipients was abrogated. However, 

tolerance could be restored by injecting the recipients with donor dendritic 

cells (DCs) at the time of grafting (67). These studies imply the role of graft 

passenger leukocytes, most likely DCs in the induction of allograft tolerance. 

DCs are professional antigen-presenting cells (APCs) that have been 

regarded as potent stimulators of innate and adaptive immunity. However, 

they also play major roles in directing the immune response toward 

immunological tolerance (68-73). Tolerogenic potential of DCs, especially of 

immature DCs, started being reported by Thomson and his colleagues (74-76). 

In their studies, immature donor bone marrow-derived DCs administrated 7 

days before heart graft transplantation either alone or in combination with 

costimulatory blockade significantly prolonged the graft survival. Similar 

result which was reported by Lutz et al. (77) reinforced this notion. 

Subsequently, there have been numerous reports of indefinite allograft 

survival following administration of various types of donor-derived 

tolerogenic DCs (72, 78-84). Since tissue-resident DCs are immature in steady 
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states, the donor leukocytes present in the graft have been characterized 

mainly as immature DCs (85). DCs may exert their tolerogenic effects 

through a variety of mechanisms. In addition to their role in T cell anergy and 

deletion, DCs are pivotal in iTreg induction, where their ability to induce and 

interact with Treg cells is critical for their tolerogenic effect (68, 86). 

In this study, a definite correlation between the iTreg cells and donor 

leukocytes was observed in male islet recipients. In addition, an obvious 

population of CD11c+MHCII+ DCs was identified in male islets as the 

passenger leukocytes. These donor-derived DCs in male islet transplantation 

may act as tolerogenic DCs to induce male antigen-specific iTreg cells and 

immunological tolerance to male antigens. 
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MATERIALS AND METHODS 

 

1. Mice 

 Thy1.1 congenic B6.PL-Thy1a mouse, B6.CD45.1 congenic mouse, 

C57BL/6 mouse (B6) and B6.RAG2-/- mouse were purchased from The 

Jackson Laboratory. B6.RAG2-/-Marilyn mouse was kindly provided by Dr. 

Seung-Yong Seong. Foxpgfp reporter mouse was kindly provided by Dr. 

Alexander Rudensky. B6.RAG2-/-Marilyn mice were cross-bred with Foxpgfp 

reporter mice to produce B6.RAG2-/-Marilyn x Foxpgfp reporter mouse. Mice 

were bred and housed in a specific pathogen-free facility. Animal studies were 

conducted under protocols approved by Seoul National University 

Institutional Animal Care and Use Committee (SNU-081117-4, SNU-090111-

1 and SNU-110406-1). 

 

2. Induction of diabetes mellitus and blood glucose monitoring 

 To induce diabetes mellitus, recipient Marilyn mice were intraperitoneally 

injected with 125 mg/kg of streptozotocin (Sigma, St. Louis, MO) in two 

consecutive days. After the injections, non-fasting blood glucose levels were 

monitored using a glucometer, OneTouch Ultra (LifeScan inc., Milpitas, CA) 

from blood obtained by tail snipping. Mice with two consecutive non-fasting 

blood glucose levels higher than 250 mg/dl were considered diabetic and 

selected for the islet transplantation.  

 

3. Isolation and transplantation of pancreatic islets 

 Donor pancreases were injected with HBSS containing 0.5 mg/ml of 

Collagenage P (Roche, Mannheim, Germany) into the common bile duct 

which eventually flowed into the pancreatic duct. Inflated pancreases were 
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excised and incubated in a 37°C water bath for 20 minutes. Digested 

pancreases were filtered through a sieve and washed. Then, islets were 

purified from the digests using Euro-Ficoll gradients. Obtained islets were re-

suspended with RPMI 1640 medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% FBS, 2 mM L-glutamine, 50 μg/ml gentamycin and 

100 μM non-essential amino acids (all purchased from Invitrogen).  

After overnight culture, islets were hand-picked under a microscopic view 

and then transferred to polyethylene tube to be used for transplantation. 

Recipient mice were anesthetized by the inhalant, isoflurane. Then, the left 

kidney was exposed and 250~300 islet equivalent number (IEQ) islets were 

delivered beneath the renal capsule. Unless otherwise described, islet 

recipients were female B6.RAG2-/-Marilyn mice or B6.RAG2-/-Marilyn x 

Foxpgfp reporter mice. 

 

4. Skin grafting 

 Full-thickness tail skins obtained from donors were transplanted to graft 

beds on the left flank of the anesthetized recipient mice and covered with 

Vaseline gauze and Band-Aid (Johnson&Johnson, New Brunswick, NJ). 

Bandages were removed after 7 days, and grafts were observed every 2 to 3 

days for 3 week and weekly thereafter. The graft was scored as rejected when 

less than 30% of viable tissue remained and visible inflammation ended. 

  

5. Flow cytometry 

 Peripheral blood was obtained from orbital venous sinus of anesthetized 

mice, and mixed with equal volume of blood buffer (PBS containing 100 

U/ml heparin and 10 mM EDTA). Red blood cells were lysed with RBC lysis 

buffer (distilled water containing 155 mM NH4Cl, 10 mM KHCO3 and 0.1 
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mM EDTA). After incubation with Fc receptor blocking antibody, 2.4G2, cells 

were stained for 30 min on ice with with a cocktail of antibodies for surface 

molecules. After washing twice with FACS buffer (PBS containing 0.5% BSA 

and 15.4 mM NaN3), cells were fixed and permeabilized with FoxP3 

Fixation/Permeabilization buffer set (eBioscience, San Diego, CA) according 

to the manufacturer’s instructions. Then, intracellular FoxP3, CTLA-4, Helios 

and Ki-67 were stained with specific antibodies for 30 min on ice. After 

washing and re-suspending in FACS buffer, cells were acquired with a 

FACSCanto II (BD Biosciences, San Jose, CA) and analyzed with FACSDiva 

software (BD Biosciences) and Flowjo software (TreeStar, Ashland, OR) 

 Anti-CD4-PerCP-Cy5.5 (RM4-5), anti-CD4-APC-eFluor780 (RM4-5), anti-

FoxP3-FITC (FJK-16s), anti-FoxP3-PE (FJK-16s), anti-FoxP3-APC (FJK-

16s), anti-CD25-APC-Alexa Fluor 750 (PC61.5), anti-Thy1.1-APC (HIS51), 

anti-Thy1.2-FITC (53-2.1), anti-CD45.1-APC-eFluor 780 (A20), anti-

CD45.2-APC-eFluor 780 (104), anti-GITR-FITC (DTA-1), anti-Ki-67-PerCP-

eFluor710 (SolA15), anti-CD19-PE (1D3), anti-Helios-AlexaFluor 647 

(22F6), anti-CD19-FITC (eBIo1D3), anti-MHC class II (I-A/I-E)-APC 

(M5/114.15.2), anti-CCR7-APC (4B12) and anti-PD-L1-PE (MIH5)  

antibodies were purchased from eBioscience. Anti-Vβ6-FITC (RR4-7), anti-

Vβ6-PE (RR4-7), anti-Thy1.2-PE (53-2.1), anti-CD8α-APC-Cy7 (53-6.7), 

anti-CTLA-4-PE (UC10-4F10-11), anti-CD11c-PE (HL3), anti-MHC class II 

(I-Ab)-FITC (AF6-120.1), anti-CD45-PerCP (30-F11) and anti-CD45-APC 

(30-F11) antibodies were purchased from BD Biosciences. Anti-Neuropilin-1-

PE (761705) and anti-Neuropilin-1-PerCP (polyconal) antibodies were 

purchased from R&D Systems (Minneapolis, MN). All isotype control 

antibodies were purchased from eBioscience.  

 To identify passenger leukocytes accompanied by the transplanted islets, 

overnight-cultured islets were hand-picked under a microscopic view, and 
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then dissociated into single cells by incubation with Accutase (PAA 

Laboratories, Piscataway, NJ) for 10 min at 37°C. Islet single cells were then 

stained, washed and analyzed by the flow cytometry method described above. 

To distinguish passenger leukocytes from islet beta cells, the zinc ion 

indicator FluoZin-3 (Life Technologies, Carlsbad, CA) were applied to stain 

islet beta cells. According to the manufacturer’s instruction, FluoZin-3 

staining was conducted at 37°C for 30 min, and then washed twice with RPMI 

1640 media. 

 

6. Cell sorting  

 Single cell suspensions were prepared from the spleen and lymph nodes of 

the mouse. Harvested spleen and lymph nodes were crushed with frosted slide 

glasses and then passed through a 70 μm strainer. Spleen cells were treated 

with RBC lysis buffer (Sigma-Aldrich, Buchs, Switzerland) to lyze red blood 

cells. For magnetic activated cell sorting (MACS), cells were washed with 

commercial running buffer (Miltenyi Biotec, Bergisch Gladbach, Germany) or 

handmade NaN3-free buffer (2 mM EDTA and 2 % FBS in PBS solution). To 

enrich CD4+ cells, cells were incubated with biotin-conjugated antibody 

cocktails and anti-biotin microbeads for negative selection (CD4+ T cell 

Isolation Kit II, Miltenyi Biotec) according to the manufacturer’s instructions. 

Then, conjugated cells were sorted by AutoMACS Pro Separator (Miltenyi 

Biotec). For fluorescence-activated cell sorting (FACS), MACS-enriched 

CD4+ cells were sorted by FACS Aria (BD Biosciences) according to the 

expression of GFP.  

 

7. In vitro Treg suppression assay 

 Spleen and lymph node cells obtained from the male islet recipient naïve 

Marilyn mouse and Foxp3gfp reporter mouse were prepared as single cells. 
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CD4+ cells were enriched by negative selection using AutoMACS Pro 

Separator. GFP+ cells (Treg) or GFP- cells (responder) were sorted with FACS 

Aria. CD4+Foxp3- responder cells were labeled with 2 μM carboxyfluorescein 

succinimydil ester (CFSE) and plated onto a 96 well plate (2~3x104 responder 

cells/well). Responder cells were stimulated with irradiated (30 Gy) congenic 

B6.CD45.1 male splenocytes or plate-coated anti-CD3 antibody (3 μg/ml). 

Treg cells obtained from male islet recipient Marilyn x Foxp3GFP reporter 

mice or naïve Foxp3GFP reporter mouse were co-cultured with responder cells 

at various ratios.  
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RESULTS 

 

Rejection of male skin and acceptance of male islet in female 

Marilyn mice  

Male tissue transplantation was conducted in B6.RAG2-/-Marilyn mice 

which have a transgenic TCR (Vα1.1, Vβ6) specific for the H-Y peptide 

(NAGFNSNRANSSRSS) (24) presented by MHC class II, I-Ab (87). Thus, no 

CD8+ T cell or B cell is present in the female Marilyn mice, and all existing T 

cells are male antigen-specific CD4+ T cells. Although CD8+ T cells are 

considered the critical effecter cells in graft rejection, CD4+ T cells have the 

ability to provoke rejection to skin grafts discordant for a single minor 

histocompatibility antigen in the absence of CD8+ T cells or B cells (88). As 

with the A1.RAG1-/- mice in the above reference which are transgenic for a 

TCR specific for an H-Y peptide in the context of MHC class II, I-Ek (88), 

female B6.RAG2-/-Marilyn mice rejected the male skin within 24 days (Fig. 

1A).  

In our previous report, male islet transplantation in wild type C57BL/6 (B6) 

mice induced transplantation tolerance to the male antigen, H-Y (40). In 

female Marilyn mouse, all lymphocytes are male antigen-specific CD4+ T 

cells. Therefore, it was speculated that the immune response to the 

transplanted male tissue would be stronger in Marilyn mouse than that in the 

wild type mouse. However, female Marilyn mice did not reject the 

transplanted male islets. When the streptozotocin-induced diabetic Marilyn 

mice were transplanted with syngeneic male islets, recipients’ hyperglycemia 

was normalized, and normal blood glucose levels were maintained in the 

majority of recipients (Fig. 1B). This implies that the grafted male islets are 

not only survived from rejection but also functioned effectively.  



Figure 1

islets. Na

or male 

recipients

skins we

(B) 250~

transplan

diabetic 

Non-fasti

normalize

represen

 

 

 

 

 

 

 

 

 

 

 

 

. Naïve femal

aïve female Ma

islets. (A) Fu

s. Percent sur

re rejected wit

300 IEQ of ma

nted beneath 

with intraperit

ing blood gluc

ed blood glu

tatives of at le

le Marilyn mo

arilyn mice we

ull-thickness t

rvival of the tr

thin 24 days. M

ale islets obtai

the renal cap

toneal strepto

cose levels we

ucose levels 

ast nine indep

１３ 

 

use rejects m

re transplanted

tail skins were

ransplanted m

Median surviva

ned from B6.T

sule of recipie

zotocin injecti

ere monitored

indefinitely. 

endent experim

male skin but a

d with syngene

e grafted on 

male skin is de

al day was 19.5

Thy1.1 congen

ents which we

ion (125 mg/k

. Transplanted

Data are su

ments. 

accepts male 

eic male skin 

left flank of 

epicted. Male 

5 days (n=4). 

nic mice were 

ere rendered 

kg, 2 times). 

d male islets 

um of three 



１４ 

 

Regulatory T cell induction by male islet transplantation 

 In our previous report, tolerance to male skin in female C57BL/6 mice were 

induced by prior male islet transplantation and increased number of 

CD4+FoxP3+ regulatory T cell (Treg) was observed in those recipients (40). 

This increase in Treg cells may have resulted either from the expansion of 

pre-existing Treg cells or from de novo induction of inducible Treg (iTreg) 

cells. To distinguish the two possibilities, TCR-transgenic mice with RAG-

deficiency in which endogenous thymic CD4+FoxP3+ Treg cells are absent 

were adopted (23, 89). Indeed, there were no CD4+FoxP3+ Treg cells in naïve 

Marilyn mice (Fig. 2A). However, after the male islet transplantation, 

CD4+FoxP3+ T cells were detected in the recipient Marilyn mice (Fig. 2B). 

Since there were no FoxP3+ Treg cells before the male islet transplantation, it 

was assumed that these CD4+FoxP3+ T cells are iTreg cells that have been 

converted from naïve CD4+FoxP3- T cells by male antigen presentation.  

 To confirm that these Treg cells were induced by male antigen presentation, 

female islet transplantation was conducted in diabetic Marilyn mice as a 

control group. As expected, grafted female islets were not rejected and 

functioned well (Supplement 1). The presence of FoxP3+ cells were also 

checked for in the female islet recipients. Unexpectedly, CD4+FoxP3+ T cells 

were detected after the female islet transplantation (Fig. 2C). However, 

commitment of Treg cells requires TCR engagement (90, 91). Since there was 

no presentation of male antigen to Marilyn CD4+ T cells which have the male 

antigen-specific transgenic TCR, the possibility of conversion into iTreg cells 

was low. Therefore, it was speculated that these Treg cells may be the donor T 

cells which came with the transplanted islets.  

Since B6.Thy1.1 congenic mice were used as the islet donors, Thy1.2+ 

recipient T cells could be distinguished from Thy1.1+ donor T cells. As 

expected, CD4+FoxP3+ T cells in the female islet recipients were Thy1.1+ 
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Thy1.2- donor Treg cells (Fig. 3A), strongly suggesting that these Treg cells 

are passenger lymphocytes accompanied by the transplanted islets. Therefore, 

it was concluded that there was no de novo induction of iTreg cells from 

recipient CD4+ T cells in female islet recipients. Male islet recipients also had 

some Thy1.1+Thy1.2- donor-origin Treg cells. However, there was a definite 

population of recipient-origin Thy1.2+CD4+FoxP3+ Treg cells in male islet 

recipients (Fig. 3B). Therefore, there was de novo conversion of recipient 

CD4+FoxP3- T cells to CD4+FoxP3+ Treg cells in the male islet recipients.  
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CD4+ cells (A) In contrast to wild type C57BL/6 mice (right panel) naïve 

Marilyn mice did not contain CD4+ FoxP3+ T cells (left panel). (B-C) There 

was no CD4+FoxP3+ T cell before the islet transplantations (left panels). 4~5 

weeks after the islet transplantation (right panels), CD4+FoxP3+ T cells were 

detected in peripheral blood of the recipients. Data are representative of at 

least seven independent experiments. 
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Expression of characteristic Treg cell markers in de novo induced 

Treg cells 

 In addition to FoxP3, some other known Treg markers were analyzed. The 

iTreg cells induced by the male islet transplantation expressed comparable 

levels of CTLA-4 and CD25 with Treg cells obtained from naïve C57BL/6 

mouse (Fig. 4A,B), and all the de novo induced iTreg cells were GITR+ (Fig. 

4C). In addition to the congenic marker Thy1.2, the recipient-origin Treg 

cells’ TCR with the specific type of variable β chain was also checked for. 

Marilyn’s transgenic TCR has Vβ6 and Vα1.1 type. As expected, all Thy1.2+ 

converted iTreg cells had transgenic Vβ6+ TCR (Fig. 4D). These iTreg cells 

which have male antigen-specific transgenic TCRs can be considered as the 

antigen-specific Treg cells against the male antigen. In a recent study, Ki-67 

was suggested as a marker for activated Treg cells (92). The converted iTreg 

cells which were continuously encountering the specific male antigen by the 

transplanted male islets had higher levels of Ki-67 than Treg cells obtained 

from naïve C57BL/6 mice (Fig. 4E).  
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In order to distinguish iTreg cells from natural Treg (nTreg) cells, a specific 

marker is required. Thornton et al. reported that Helios, a member of Ikaros 

transcription factor family is a potential marker of nTreg cells (93). Although 

it was still controversial (94-96), Helios expression of iTreg cells induced by 

male islet transplantation was assessed. It was expected that iTreg cells will 

not express the suggested nTreg marker, Helios. However, there was no 

significant difference in Helios expression between iTreg cells from male islet 

recipient and Treg cells from naïve C57BL/6 mouse. Most CD4+Foxp3+ cells 

in both groups expressed high levels of Helios (Fig. 5A). Akimova et al. 

disagreed with the idea that Helios is a nTreg marker, and they insisted that 

Helios is a marker of T cell activation and proliferation (95). To address this 

question, double staining for Helios and Ki-67 on iTreg cells induced by the 

male islet transplantation was conducted. In naïve C57BL/6 mouse, there was 

no obvious correlation between Ki-67 and Helios expression of Treg cells. 

However, most iTreg cells from male islet recipients expressed Ki-67 together 

with Helios (Fig. 5B). In a more recent study, Weiss et al. and Yadav et al. 

reported that nTreg cells expressed high levels of neuropilin 1 (Nrp1), but, 

mucosa-generated iTreg cells and spontaneously generated iTreg cells were 

Nrp1low (97, 98). Unlike Helios, a discernible pattern of Nrp1 expression 

could be observed in iTreg cells induced by male islet transplantation. 

Percentage of iTreg cells expressing high levels of Nrp1 was significantly 

lower than that of conventional Treg cells of naïve C57BL/6 mouse (Fig. 5C). 

Although both articles suggested Helios and Nrp1 as independent nTreg 

markers (93, 97, 98), the expression of these two molecules did not show high 

coincidence. In iTreg cells induced by the male islet transplantation, relatively 

high percentage Nrp1lowFoxp3+ cells were Helios+ (Fig. 5D).  
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the male islet recipients and naïve C57BL/6 mice were stained with 

fluorescence conjugated antibodies (A-D). (A) Dot plots are gated in recipient-

origin CD4+ cells. Not only naïve C57BL/6 Treg cells (left panel) but also male 

islet-induced iTreg cells (middle panel) have high percentage of Helios+ cells. 

Dot plots are representative of two independent experiments. Percentages of 

Helios+ cells in each group of CD4+Foxp3+ cells are depicted (right panel). 

Each dot represents an individual mouse. (B) Dot plots are gated in naïve 

C57BL/6 Treg cells (left panel) or male islet-induced iTreg cells (middle 

panel). Percentages of cells in each quadrant are depicted (right panel). Male 

islet recipient contains high percentage of Ki-67+Helios+ iTreg cells. (C) Dot 

plots are gated in recipient-origin CD4+ cells. When compared with naïve 

C57BL/6 Treg cells (left panel), male islet-induced iTreg cells (middle panel) 

have lower percentage of Neuropilin1hi cells. Dot plots are representative of 

four independent experiments. Percentages of Neuropilin1hi cells in each 

group of CD4+Foxp3+ Treg cells are depicted (right panel). Each dot 

represents an individual mouse. (D) Helios expression of Neuropilin1lowFoxp3+ 

cells in (C) is depicted (left panel). Correlation of Helios and Neuropilin1 

expression is analyzed by percentage of Helioshi cells in Nrp1low or Nrp1hi 

Foxp3+ cells (right panel). 
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Male skin protection by male antigen-specific iTreg cells in male 

islet recipients 

 The conversion into iTreg cells induced by male islet transplantation was 

observed in female Marilyn mouse. It was speculated that the male islet 

recipients would have acquired immunological tolerance to male antigen by 

these iTreg cells. To test whether the recipients had acquired the tolerance, 

male skin transplantation was conducted in male islet recipients and female 

islet recipients. Although female islet recipients have Treg cells, these Treg 

cells are of donor-origin and are not male antigen-specific. Therefore, these 

antigen-non-specific polyclonal Treg cells were expected to not protect the 

male skin from rejection, and indeed the female islet recipients rejected the 

male skin within 30 days. On the other hand, male islet recipients successfully 

accepted the male skin (Fig. 6A). On days 10~20, there were some 

inflammation on the male skin, but this inflammation subsided in several 

days, and new hair growth on the male skin could be observed eventually 

(Fig. 6B). Male islet recipients and female islet recipients both had donor-

origin Treg cells. However, male islet recipients had de novo induced male 

antigen-specific recipient-origin iTreg cells as well as donor-origin Treg cells. 

This difference might yield different outcomes in subsequent male skin 

transplantation. De novo induced male antigen-specific recipient-origin iTreg 

cells were sufficient to protect the male skin from being rejected. As shown in 

Figure 1A, naïve female Marilyn mouse rejected the male skin, however, after 

the male islet transplantation, recipients accepted the male skin. Therefore, it 

was concluded that iTreg cell induction by male islet transplantation induced 

immunological tolerance to the male antigen.  
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In vitro Treg suppression assay to confirm the iTreg cells’ role in 

immunological tolerance to the male antigen 

The male antigen-specific iTreg cells in male islet recipients may prevent 

immune rejection of the male islet and skin. However, this probability is just 

an indirect evidence of the iTreg cells’ role in tolerance induction. More direct 

evidence to confirm their role was needed. Therefore, an attempt was made to 

prove the suppressive function of iTreg cells in the in vitro Treg suppression 

assay. CD4+Foxp3- cells were obtained from the male islet recipient (‘primed’ 

responder) or naïve Marilyn mouse (‘naive’ responder), and then stimulated 

with male antigen-expressing irradiated splenocytes or plate-coated anti-CD3 

antibody. Suppressive function of added iTreg cells obtained from the male 

islet recipient (iTreg) was compared with antigen-non-specific Treg cells 

obtained from naïve Foxp3gfp reporter mouse (nTreg). Marilyn CD4+ 

responder cell proliferation was inhibited by the co-cultured iTreg cells (Fig. 

7A). Proliferation of responder cells diminished due to the co-cultured iTreg 

cells irrespective of stimulation conditions or responder types (Fig. 7B). When 

‘primed’ responder cells were stimulated with anti-CD3 antibodies, iTreg cells 

and polyclonal Treg cells exhibited comparable suppressive function (Fig. 

7C). However, when the male antigen-specific responder cells were 

stimulated with male antigen-expressing splenocytes, male antigen-specific 

iTreg cells exerted a much potent suppressive function compared to that of 

antigen-non-specific polyclonal Treg cells (Fig. 7D). Under such stimulation 

condition, polyclonal Treg cells exhibited their suppressive function only at 

high concentrations. On the other hand, male antigen-specific iTreg cells 

suppressed male-antigen reactive Marilyn CD4+ T cells’ proliferation almost 

completely at high concentrations and the dose-dependent effect could be 

observed (Fig. 7D). Although antigen-non-specific polyclonal Treg cells 

suppressed proliferation of naïve Marilyn CD4+ responders stimulated with 
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anti-CD3 antibodies, those Treg cells could not suppress the male antigen-

induced proliferation of naïve Marilyn CD4+ responders (Fig. 7E). On the 

other hand, male antigen-specific iTreg cells effectively suppressed male 

antigen-induced proliferation of ‘naïve’ Marilyn CD4+ cells, and the 

suppression was almost complete at high concentrations and somewhat dose-

dependent (Fig. 7E). When the male antigen-reactive responders were 

stimulated with male antigen-expressing splenocytes, male antigen-specific 

iTreg cells exhibited superior suppressive function to both ‘primed’ and 

‘naïve’ responders compared to that of antigen-non-specific polyclonal Treg 

cells. 
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Figure 7. Suppressive function of iTreg cells induced by male islet 

transplantation was confirmed by in vitro Treg suppression assay. CD4+Foxp3- 

responder cells obtained from the male islet recipient or naïve Marilyn mouse 

were stimulated with irradiated (30 Gy) congenic male splenocytes or plate-

coated anti-CD3 antibodies (3 μg/ml). Responder cells were labeled with 2 μM 

CFSE (carboxyfluorescein succinimydil ester). The iTreg cells obtained from 

male islet recipient Marilyn x Foxp3gfp reporter mice or conventional Treg cells 

(mainly nTreg, polyclonal) obtained from naïve Foxp3gfp reporter mouse were 

co-cultured with 2~3x104 responder cells in a round bottom 96 well plate with 

various ratios. Responder cell proliferation was visualized by CFSE dilution. 

(A) Histograms are representative of CFSE intensities of responder cells 

stimulated with male splenocytes without (left panel) or with 1/16 ratio of iTreg 

cells (middle panel) or 1/2 ratio of iTreg cells. Histograms are gated in 

CD45.2+CD4+ responder cells to distinguish them from CD45.1 congenic male 

splenocytes and GFP+ Treg cells. (B-E) Proliferation of CD4+Foxp3- responder 

cells obtained from the male islet recipient (B-D) and from naïve Marilyn mice 

(B,E) are analyzed. Percentage of divided cells (B) derived from histograms 

and percent suppressions (((proliferation without Treg – proliferation with each 

ratio of Treg)/ proliferation without Treg) x100 %) are depicted (C-E). The 

graph is a representative of four independent experiments (A-B) or a sum of 

the four independent experiments (C-E).  Abbreviations; maleAPC; 

stimulation with male splenocytes, anti-CD3; stimulation with plate-coated 

anti-CD3 antibodies., iTreg; male antigen-specific iTreg cells obtained from 

male islet recipient Marilyn x Foxp3gfp reporter mouse, nTreg; male antigen-

non-specific polyclonal Treg cells obtained from Foxp3gfp reporter mouse. 
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Role of the passenger leukocytes in iTreg cell induction 

How could male islet transplantation induce iTreg cells, and what is the 

underlying mechanism of iTreg induction? In fact, induction of iTreg cells 

was not achieved in all male islet transplantation recipients. The induction rate 

of iTreg cells was about 50~60%. It was curious about the factor which is 

responsible for determining whether iTreg cells are induced or not. There was 

an interesting indication in the recipients in which iTreg cells were induced. 

As described in Figure 3, recipient-origin CD4+Foxp3+ iTreg cells must be 

distinguished from donor T cells by a congenic marker, Thy1. In other words, 

there were passenger lymphocytes accompanied by the male islet graft. In 

fact, solid organ and cellular grafts contain bone marrow-derived 

hematopoietic cells of donor origin, the passenger leukocytes (41). 

Interestingly, the recipients which had iTreg cells showed a tendency to 

harbor a greater numbers of donor-origin Thy1.1+ T cells than that in other 

recipients in which iTreg cells were not induced (Fig. 8A). In a representative 

cohort of 8 male islet recipients, 4 mice induced iTreg cells and the other 4 

did not. The percentages of iTreg cells and donor-origin CD4+ T cells 

percentage among the CD4+ cells were analyzed. As demonstrated in the in 

Figure 8A, there was a definite correlation between the percentage of iTreg 

cells and donor CD4+ T cells. The iTreg-inducer male islet recipients had 8.5 

% ~ 22.7 % of donor-origin CD4+ T cells. On the other hand, the iTreg non-

inducer recipients only had 0.4% ~ 1.4% of donor-origin CD4+ T cells (Fig. 

8B). To verify whether the passenger lymphocytes are essential for the 

induction of iTreg cells by male islet transplantation, lymphocyte-deficient 

B6.RAG2-/- mice were used as male islet donors instead of the congenic B6 

mice. Among the 6 female Marilyn recipients transplanted with B6.RAG2-/- 

male islet, 2 mice induced iTreg cells and the other 4 mice did not (Fig. 8C). 

Therefore, the passenger ‘lymphocyte’ accompanied with donor islets was not 
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essential in inducing iTreg cells. However, in Figure 8A and B, the focus was 

on donor CD4+ T cells only. In addition to CD4+ T cells, other donor-origin 

lymphocyte populations such as CD8+ T cells and B cells also exist in the 

hand-picked islets (Fig. 8D). Although only lymphocytes were considered 

here, the passenger cells were ‘leukocytes’, not just ‘lymphocytes’. Other 

donor-origin leukocytes would also be accompanied by the male islets. These 

non-lymphocyte-passenger leukocytes may play a role in iTreg induction by 

male islet transplantation, especially the antigen-presenting cells (APCs) such 

as dendritic cells (DCs). Next, the analysis of islet passenger leukocytes was 

focused on passenger APCs. The majority of CD45+ passenger leukocytes 

expressed MHC class II. This MHC class II expression implies the direct role 

of donor APCs in the male antigen presentation to Marilyn CD4+ T cells. 

Although the majority of MHCII+ cells were CD19+ B lymphocytes, there was 

a definite population of CD11c+MHCII+ DCs which was not seen in the 

isotype control antibody staining sample (Fig. 8E). The majority of 

CD11c+MHCII+ DCs were PD-L1+ and some were CCR7+ (Fig. 8F). Taking 

into account the known functions of CCR7(99) and PD-L1(100-103), CCR7 

expression may enable the DCs to migrate to the draining lymph nodes (LNs), 

and to encounter male antigen-specific CD4+ T cells easily. Then, PD-L1 

expression may facilitate the differentiation of naïve Marilyn CD4+ T cells 

into iTreg cells.  
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blood of 8 recipients (4 iTreg inducers and 4 non-inducers) are depicted. 

Filled symbols represent iTreg inducers, open symbols represent iTreg non-

inducers. R2 = 0.9314. (C) Among 6 recipients for male B6.RAG2-/- islets in 2 

independent experiments, a representation of 2 iTreg-inducers is depicted on 

CD4+ cell gating. (D-F) After an overnight culture as the transplantation 

protocol, hand-picked islets were prepared as single cells by Accutase 

treatment, and analyzed for their expression of (D) lymphocyte lineage 

markers or (E-F) MHCII, CD11c, CD19, CCR7 and PD-L1. Dot plots are gated 

on CD45+ cells (D-E) or CD45+CD11c+MHCII+ cells (F). 
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DISCUSSION 

 

In this study, it was demonstrated that CD4+FoxP3+ regulatory T cells could 

be induced from naïve CD4+ T cells by male islet transplantation. Since 

Marilyn mice did not have FoxP3+ Treg cells before the islet transplantation, 

the newly emerged recipient-origin CD4+FoxP3+ Treg cells can be considered 

as inducible Treg (iTreg) cells. In our previous report (40), it was speculated 

that the increased CD4+FoxP3+ Treg cells in wild type female C57BL/6 

recipient by male islet transplantation resulted from iTreg cell induction. 

Therefore, our hypothesis could be proved by the experiments described in 

this report. Furthermore, immunological tolerance to the male antigen could 

be achieved by male islet transplantation without any immunological 

manipulation. Certain studies showed that some mouse models may naturally 

accept foreign tissue without the need for additional immune suppression 

(104-106). In those studies, pre-existing CD4+FoxP3+ Treg cells were 

essential. Therefore, one might argue against our previous report (40) which 

states that induced tolerance is mediated by newly-emerging recipient-origin 

CD4+FoxP3+ Treg cells. However, according to the results obtained from this 

study, de novo induced iTreg cells were essential for the induction of 

immunological tolerance to the male tissues.  

In Figure 6, whereas female islet recipients rejected the male skin, male 

islet recipients accepted it. Both of these two groups had male antigen-specific 

effecter CD4+ T cells and passenger lymphocytes including antigen-non-

specific Treg cells. One difference between the two groups is the existence of 

male antigen-specific iTreg cells in male islet recipients. Antigen-specifically 

activated Treg cells can exert a more potent suppressive function than 

antigen-non-specific Treg cells (107-109). Due to the presence of male 
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antigen-specific iTreg cells, the male islet recipients did not reject the male 

skin. In female islet recipients, the median survival day of the male skin was 

prolonged to 25.5 days from 19.5 days in naïve Marilyn mice (Fig. 1, 6). This 

delay of rejection might have resulted from the bystander effect of antigen-

non-specific polyclonal donor-origin Treg cells in female islet recipients. 

Indeed, the potent suppressive function of antigen-specific iTreg cells could 

be observed as shown in Figure 7. Antigen-specific iTreg cells almost 

completely inhibited the proliferation of responder cells stimulated with the 

specific male antigen. Polyclonal Treg cells acting mainly through bystander 

effect had a limited suppressive function compared to that of potent antigen-

specific iTreg cells. As illustrated in Figure 7E, while antigen-non-specific 

polyclonal Treg cells were able to suppress the proliferation of ‘naïve’ 

Marilyn CD4+ responders stimulated with anti-CD3 antibodies, when the 

responders were stimulated with irradiated male splenocytes used as antigen-

presenting cells (APCs), the polyclonal Treg cells were not able to suppress 

the male antigen specific responders. Similarly, a limited suppressive function 

of polyclonal Treg cells was observed for the ‘primed’ responders stimulated 

with male splenocytes (Fig. 7D). When the male-antigen specific responders 

were stimulated by pan-T cell stimulating anti-CD3 antibody, the polyclonal 

Treg cells had a suppressive function that was comparable to that of male-

antigen specific Treg cells (Fig. 7C). On the other hand, if the stimulation was 

induced more physiologically by the male antigen-expressing APCs, only the 

male antigen-specific Treg cells were able to exert a potent suppressive 

function. During baseline proliferation in the absence of Treg cells, 

CD4+Foxp3- responder cells from the male islet recipients proliferated more 

vigorously than responder cells from naïve Marilyn mice (Fig. 7B). This 

implies that CD4+Foxp3- cells in male islet recipients are not anergic cells, but 

indeed ‘primed’ effector cells. Therefore, it was speculated that male skin 
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protection in male islet recipients did not result from dysfunctioning of 

CD4+Foxp3- effector cells. Thus, it is obvious that these ‘primed’ effector 

cells were being actively suppressed by the co-existing iTreg cells in the male 

islet recipients in vivo. 

Several investigators have reported in vivo iTreg conversions (4, 21-23), 

however, this is the first report showing that the transplantation itself without 

any immunological manipulation can induce iTreg cells. The role of the 

passenger leukocytes should not be overlooked in the mechanism of this 

physiologic iTreg induction. Passenger APCs, especially the dendritic cells 

(DCs) may function as the tolerogenic DCs. DCs are professional APCs that 

have been regarded as key instigators of innate and adaptive immunity. 

However, they also play major roles in directing the immune response toward 

tolerance (68-73). Especially, their ability to induce and interact with Treg 

cells is critical for their tolerogenic effect (68, 86, 110). 

 In addition, the unique feature of antigen presentation in the male islet 

transplantation may favor the iTreg induction. Alloantigen recognition of 

graft-specific T cells occurs by two pathways. In the direct pathway, intact 

donor MHC molecules expressed on donor APCs are directly recognized by 

host T cells. Alternatively, in the indirect pathway, recipient APCs process 

graft-derived material and present peptides to alloreactive host T cells (111, 

112). In MHC-matched transplantation such as H-Y-mismatched experiments, 

minor histocompatibility antigen disparate grafts have MHC molecules that 

are identical to that of the recipient which differ only by a limited set of bound 

self-peptides (113). Consequently, donor APCs present minor 

histocompatibility antigen peptides on syngeneic MHC molecules as the host 

APCs do in the indirect pathway. Therefore, in the context of MHC class II 

and loaded H-Y peptide, the way of allorecognition in the direct pathway of 

H-Y-mismatched transplantation is the same with that in the indirect pathway. 
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Indirect presentation may be important in driving a chronic rejection (114), so 

any strategy that tolerizes through this route may have beneficial effects on 

late graft loss (115).Therefore, induction of iTreg cells by the allorecognition 

with syngeneic MHC molecule have great clinical significance. 

Yamada et al. (116) identified the requisiteness of the indirect pathway for 

transplantation tolerance induced by anti-CD40L and CTLA4-Ig treatment in 

MHC-mismatched skin or cardiac transplantation. They used B6.II-4+ mice, 

which are MHC class II-deficient mice expressing an MHC II transgene only 

on the thymic epithelium. Although these mice have normal numbers of 

peripheral CD4+ cells, MHCII+ APCs are absent in the periphery (117). When 

being used as recipients, these mice could not mount the indirect response and 

could not induce transplantation tolerance via costimulatory blockade (116). 

As the active regulatory T cells had been known to be induced by 

costimulatory blockade (118, 119), Yamada et al. agreed with the suggestion 

raised by Waldmann and collegues (115) that the indirect pathway is the 

predominant mode of allorecognition by Treg cells. Although this was even 

before there were reports demonstrating the peripheral induction of iTreg cells 

(4, 21), Yamada et al. suggested the possibility of regulatory cell induction 

through the recognition of indirect determinants. Following studies have also 

shown the requirement for alloantigen presentation through the indirect 

pathway in the transplantation tolerance induction protocols (120, 121). 

In our H-Y-mismatched islet transplantation model, Marilyn CD4+ T cells 

are specific for the indirect determinant presented by syngeneic MHC class II 

(I-Ab) molecule. The naïve Marilyn CD4+ T cells could be converted to iTreg 

cells by recognizing the indirect peptide determinant on host APCs or donor 

APCs. Passenger leukocytes may play critical roles in both pathways. The 

syngeneic MHC II-expressing donor APCs could directly present the H-Y-

peptide antigens to the naïve CD4+ T cells, and other leukocytes could 
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effectively deliver the H-Y-peptide antigens to the lymph nodes (LNs) and 

host APCs. Furthermore, CCR7 expression (Fig. 8F) may facilitate the 

migration. In fact, almost immediately upon transplantation, APCs from the 

donor tissue migrate from the graft to the draining LNs of the host (122). 

Therefore, prompt migration of the passenger leukocytes and active 

communication with host immune cells may possibly happen in the draining 

LNs. These efficient presentations of the indirect determinant to the naïve 

CD4+ T cells may favor the conversion to the iTreg cells. As mentioned earlier, 

tolerogenic DCs have been receiving spotlight as tolerance-inducing tools. 

Donor DCs or recipient-derived DCs pulsed with donor cell-derived antigens 

including allopeptides, have been used to promote transplantation tolerance 

(123-127). In the male islet transplantation, the passenger leukocytes may 

play a role as the infused recipient-derived DCs pulsed with donor peptide 

antigen or facilitate the donor peptide delivery to recipient DCs. 

Demonstration of iTreg induction with male immature DCs in A1.RAG1-/- 

TCR transgenic mice reported by Yates et al.(128) strongly supports the 

speculation of iTreg induction by the donor APCs accompanied by male islets. 

In that report, intravenous injection of bone marrow-derived male immature 

DCs induced iTreg cells de novo in female A1.RAG1-/- mice which are 

transgenic for a TCR specific for the Y-chromosome-derived Dby epitope in 

the context of I-EK (88). The iTreg cell induction could protect the subsequent 

male skin grafts indefinitely (128). In male islet transplantation, the passenger 

APCs would play a role as injected immature DCs and induce iTreg cells to 

establish a transplantation tolerance. Other studies also support the role of 

passenger leukocytes in the induction of transplantation tolerance. In rats, the 

spontaneous acceptance of MHC-incompatible liver grafts was prompted by 

“passenger leukocytes”, and depletion of these cells by donor irradiation 

resulted in a rapid graft rejection (129, 130). Reports that show migration of 
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potentially tolerogenic costimulatory molecule-deficient APCs from the graft 

could result in tolerance also reinforce the speculation of iTreg induction (131, 

132). 

 Usually, the induction of Treg cells is achieved through antigen 

presentation in the absence of costimulatory signals or cytokines, either alone 

or in combination with the production of tolerogenic factors, such as IL-10, 

TGF-β, retinoic acid and programmed death ligands (23, 69). Antigen 

presentation in male islet transplantation might occur without costimulatory 

signals or cytokines. The absence of MHC-mismatch in male islet 

transplantation eliminates the chance of direct recognition of disparate MHC 

molecule by the direct pathway which is considered to be the main 

mechanism that leads to acute graft rejection (133, 134). Peptide antigen 

presentation on syngenic MHC molecules in H-Y-mismatched transplantation 

may provide a quiescent environment that does not provoke costimulatory 

signals or cytokines, and such environment may favor the induction of iTreg 

cells. In addition, PD-L1 expression on donor APCs (Fig. 8F) may facilitate 

the iTreg induction (100). However, in contrast to the male islet graft, male 

skin graft was rejected within 24 days (Figure 1A). In the context of the 

immunogenicity, skin is considered to be the most immunogenic tissue (135, 

136). The characteristics of APCs in the donor skin would explain the reason 

for this high immunogenicity. Skin contains numerous Langerhans cells which 

are professional APCs with the capacity to migrate from the graft and 

efficiently stimulate recipient T cells (122, 137). Besides, Langerhans cells are 

potent stimulators which do not require costimulation for the activation of T 

cells (121). Even the absence of B7-1 and B7-2 on skin-derived Langerhans 

cells did not affect their ability to induce T cell proliferation in vitro (121). 

Therefore, male skin-derived Langerhans cells may contribute to the rejection 

of the male skin grafts even in the absence of costiumlatory signals. 
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Although Thornton et al. reported that Helios expression distinguishes 

natural Treg cells (nTreg) from iTreg cells (93), this is still controversial as a 

result of its inconsistent expression (94-96). Indeed, iTreg cells in male islet 

recipients expressed higher levels of Helios than Treg cells in naïve C57BL/6 

mouse (Fig. 5A). This higher level of expression may reflect the activated 

status of iTreg cells by continuous antigen contact from the grafted male 

islets, and this is compatible with the idea that Helios is a marker of T cell 

activation and proliferation (95). Recently, Weiss et al. and Yadav et al. 

reported that nTreg cells express high levels of Neuropilin 1 (Nrp1), while 

mucosa-generated iTreg cells and spontaneously generated iTreg cells are 

Nrp1low (97, 98). Although iTreg cells induced by male islet transplantation 

show compatible low-Nrp1 expression profile (Fig. 5C), there are still no 

definite markers to distinguish iTreg cells from nTreg cells. In our 

experimental model, because there were no thymic nTreg cells in the 

recipients, recipient-origin Treg cells are the iTreg cells. Unlike other in vivo 

iTreg generation models, our iTreg cells were generated in the absence of any 

immunological manipulation. Since they are generated under a more 

physiological condition, these Treg cells may represent the genuine iTreg cells 

in wild type animals more properly. Therefore, it is a good model system to 

study iTreg cells. Since the iTreg cells were generated in a monoclonal T cell 

mouse model, an extremely homogenous population of iTreg cells can be 

obtained. In a further study, comparative analysis of mRNA and microRNA 

sequencing profile in the iTreg cells vs. naïve C57BL/6 Treg cells will be 

conducted. The purpose will be to find specific and definite markers that 

distinguish iTreg cells from nTreg cells.  
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국문 초록 

 

서론: 이식편에 대한 면역관용의 유도는 이식분야에서의 궁극적인 

목표이다. 부조직적합항원인 H-Y 항원 (남성 항원)에 불일치가 있

는 췌도 이식이 다른 면역학적 조작이 없이도 암컷 C57BL/6 생쥐

에서 남성 항원에 대한 면역관용을 유도할 수 있고 수컷 피부이식

에 대한 수용을 유도할 수 있음이 알려져 있고 이 연구에서는 그 

면역관용의 기전에 대해 알아보고자 했다. 

방법: HY peptide 에 특이적인 유전자삽입 T 림프구 수용체를 가진 

암컷 RAG2-/- Marilyn 생쥐의 왼쪽 옆구리에 수컷 피부를 이식하

거나 신장피막 밑에 수컷 췌도를 이식하였다. 췌도 이식 전후로 

CD4+ T 림프구의 Foxp3 발현을 유세포분석기로 분석하였다. 면역

관용의 유도여부를 확인하기 위해서, 수컷 췌도 수용자 생쥐에 추가

적인 수컷 피부 이식을 실시하였다.  

결과: 암컷 Marilyn 생쥐는 수컷 피부에 대해 24 일 이내에 거부반

응을 일으켰지만, 수컷 췌도 이식편은 성공적으로 생착하였다. 그리

고 수컷 췌도를 이식받은 암컷 Marilyn 생쥐는 수컷 피부에 거부반

응을 일으키지 않았다. 이들 생쥐의 말초혈액을 유세포분석기로 확

인해보니, naive Marilyn 생쥐에는 없던 CD4+Foxp3+ 조절 T 림프

구에 생성되어 있었다. 이 유도 조절 T 림프구가 항원특이적이며 

수컷 피부 이식편에 대한 거부반응을 막는 것에 중요한 역할을 하
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는 것을 확인할 수 있었다. 이 유도 조절 T 림프구의 면역억제 능

력을 생체 밖 시험을 통해 재확인하였다. 또한, 췌도 이식 시에 동

반되는 백혈구와 유도 조절 T 림프구 수와의 양적 상관관계를 통하

여, 유도 조절 T 림프구의 유도에서의 동반 백혈구의 역할에 대한 

단서를 얻을 수 있었다. 

결론: H-Y 항원에 불일치가 있는 췌도 이식이 유도 조절 T 림프구

를 유도하였으며 이식 면역관용을 확립하였다. 이 모델은 새로이 생

성되는 유도 조절 T 림프구의 특성을 연구하는 자산이 될 수 있을 

것이다. 

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

주요어 : 면역관용, 췌도 이식, 조절 T 림프구 
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