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Abbreviations

bFGF, basic fibroblast growth factor.

ES cells, embryonic stem cells.

ELISA, enzyme-linked immunosorbent assay.
FACS, fluorescence activated cell sorting.
FBS, fatal bovine serum.

FITC, fluorescein isothiocyanate.

H& E, hematoxylin and eosin.

HBSS, hank’s balanced salt solution.

MHC, major histocompatibility complex.
IPGTT, intraperitoneal glucose tolerance test.
iPS cells, induced pluripotent stem cells.

Islet, islet of Langerhans.

PBS, phosphate buffered saline.

PFA, paraformaldehyde

RT-PCR, real-time polymerase chain reaction.
SEK, SEK-1005.

STZ, streptozotocin.

TGF-B1, transforming growth factgpl.

Treg, regulatory T cell.

VEGF, vascular endothelial growth factor.



General Introduction

General Introduction

Type 1 diabetes mellitus is the disease to disagllmose metabolism caused by
the destruction of cells, due to autoimmune reaction [1]. Crucialtaczomplications,
such as hypoglycemic coma and diabetic ketoacido&en occur, because it is difficult
for serious insulin dependent diabetic patientsjutiing type 1 diabetic patients, to
control blood glucose by self-injection of insulirang-term insufficient glycemic control
will cause various chronic complications, diabegphropathy, diabetic retinopathy, and
diabetic neuropathy [2]. Especially, the patientthwerious diabetic nephropathy will
need dialysis therapy. A fundamental medicatiodiabetes has been desired.

Organ transplantation is the medication to malecavery by replacing the organ
of end state with healthy one from another per€mgan transplantation could be the
only treatment when an organ is failed. Cell argbue transplantation have been
promising as a medication of type 1 diabetes ahdraliseases, because it is expected
that the invasive to patients and the immune reastcaused by host immune system
will be smaller than organ transplantation.

Islets of Langerhans (islets) in pancreas is comgos$f cell, o cell, ands cell.

cell can secrete insulin, which is the sole hormitva# can decrease blood glucose by
ordering cells, such as muscle tissue, adiposeetisand liver, to receive glucose.
Pancreatic islet transplantation is a promisinghoe@tas a fundamental therapy of type 1
diabetes. Since Edmonton protocol of steroid-fremiuinosuppression has been adapted
in 2000, rate of islet engraftment significantlypraved. Multiple islet transplantations
for one patient, however, is essential [3]-[5].current islet transplantation, islets are

isolated from pancreas of human donor in cardiesarPancreas from donor are digested
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by enzyme. Islets are purified from digested tisané are infused into the liver via portal
vein. Transplanted islet secretes insulin to blaw enables severe glycemic control.
Current clinical islet transplantation has severablems to overcome, such as shortage
of islet donor, the life-long administration of thenmunosuppressive drugs, and
transplantation site.

In recent years, some efficient methods of inductm various cells, such as
cardiomyocytes, foregut cells, and kidney cellynir pluripotent stem cells, e.g.
embryonic stem (ES) cells and induced pluripoteéams(iPS) cells [6]-[9]. Several
groups have successfully regenerated quasi-isiets ES/iPS cells and reported that
transplantation of these quasi-islets in a murinabetic model can normalize
hyerglycemia [10],[11]. The shortage of islet doadlt be solved in the near future.

In current clinical procedure, islets are transgdnnto the liver. However, liver
is an important organ and grafts cannot be remaf¥éidere are any problems in grafts.
Teratoma formation by residual undifferent ES/iP8Isc and tumor formation by
transformed cells arising in the process of diffiéiesgion are concerned [12]. When
teratoma/tumor is formed in the liver, it cannotremoved surgically. In addition to that,
intrahepatic islet transplantation has a risk ahptications, such as hepatic hematoma
and portal pressure increase, which can signifigdr@mper islet engraftment and liver
function [13]. For these reasons, the liver is utadle transplantation site, and islet
should be transplanted into safer, easier and nainimrasive transplantation site.

Extrahepatic islet transplantation, such as subeatas site [14], omental pouch
[15]-[17], and intramuscular site [18], have beemamined. Especially, subcutaneous
sites have been promised, because they have lezge, and are easy to monitor and

remove grafts. Subcutaneous sites, however, havedensity of vasculature. Grafts
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transplanted under the skin cannot survive, becati$g/poalimentation and hypoxia
[19],[20]. For the reason, vascular network shdadcconstructed at subcutaneous site by
using growth factors and/or scaffolds [14],[21]][2Bven if islets are transplanted at
subcutaneous site, the immunosuppression will leeeck

Multihued methods have been studied for the islegraftment without
immunosuppression; the creation of a bioartifipahcreas [25]-[27] deceasing of islet
immunogenicity[28]-[30]; transplantation into themune privileged sites [31]-[33];
and co-transplantation of islets with immunosupgirescells [34]-[38]. Although these
methods look promising in animals, each has prosgédficult to use in clinical
transplantation. Especially, bioartificial pancrems a promising method for islet
transplantation without immunosuppression. Sevgpas of bioartificial pancreas have
been investigated, such as the diffusion chamlodigva fiber unit, and microcapsule. In
bioartificial pancreas, islets are embraced by pemieable membrane. It can allow to
permeate insulin, oxygen, and nutrients, but preff@m infiltrating immune cells. In
microencapsulation of islets, clinical trials habeen performed in xenotransplantation,
pig islets to human peritoneal cavity [39]. Howeuée large volume and biofilm will
hamper their clinical application in humans.

Graft rejection is the important problem to be @eene in cell and organ
transplantation. Allogeneic transplantation is ledw same species, e.g. human to
another human, and xenogeneic transplantationtvgele® different species, e.g. pig to
human. Generically, immune reactions in xenogetaitsplantation are stronger than in
allogeneic transplantation. Due to the mismatchmajor histocompatibility complex
(MHC), that called human leukocyte antigen in humdretween a donor and a recipient,

grafts from another person usually are attackedexwmtlided by host immune system
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without immunosuppressive medication. For the reasmmunosuppressive drug is
administrated before and after transplantatiorréwgnt graft rejection in current clinical
transplantation. However, the unspecific immunoseggion has serious risks of side
effects, such as the infectious complications &ednbalignancy [40],[41]. Even if islet
cells differentiated from each patient’'s own iP8scare transplanted, it is necessary to
administrate immunosuppressive drug, because tylbetes is an autoimmune disease
[42],[43].

Immune tolerance is a specifically unresponsivéesia a particular antigen. In
the case of transplantation, it is a state of imenunresponsiveness to the donor graft
or antigen, but the host immune system can respomsether antigen, unlike
immunodeficiency [44]. Regulatory T (Treg) cells/ba pivotal role of maintaining the
immunological homeostasis and peripheral toleranideeir depletion will cause
autoimmune diseases [45]. Treg cells were alsategpto assemble in the inflammatory
sites and the location of injury, e.g. myocardarct [46]. There are naturally occurring
Treg cells which are selected in the thymus andscgpress immune reactions to self-
antigens in periphery [47],[48]. Additionally, wharaive CD4 T cells encounters
antigens in the presence of T@Rnd IL-2, they can differentiate to ‘induced’ Tregls
invitro [49]. Treg cells can regulate the activation of C0@D8" T cells [50]-[52], and
B cells [53],[54]. They can also suppress the fiamcof natural killer (NK) cells [55]
and NKT cells [56], and dendritic cells [57]. Tregjls were reported to regulate immune
reactions by the suppression of dendritic cellfiom with CTLA-4, the secretion of
immunosuppressive cytokines, such as IL-10, PaRnd IL-35 [58]. In allogeneic
organ or cell transplantation, induced Treg cellsich can regulate immune responses

to foreign antigens, are promising [59],[60].
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As described above, current islet transplantatias $everal problems; such as
shortage of islet donor, the life-long administratiof the immunosuppressive drugs,
and transplantation site. There are some requirenienan ideal islet transplantation;
1) the unspecific immunosuppression should not leguired before/after
transplantation; 2) the islet graft should not legected for a long period; 3) the
transplantation procedure should be minimally inv@ss same degree as an insulin
injection; 4) multiple islet transplantation is $#ale, when necessary; 5) it should be
easy to access the graft to remove and monitomwheessary. Subcutaneous sites have
been considered to be promising transplantati@s $dr islet transplantation, because

they have the possibility to fulfill the requirentsmescribed above.

Angiogenic Factors
- bFGF: Chapter 1,3-4
- SEK: Chapter 2

Hydrogel
- Agarose gel: Chapter 1-3

* Gelatin and sodium hyaluronate: Chapter 4

Implantation

Release of
angiogenic factor

Animal
Ahante Vessel
- Rat: Chapter 1-2, 4 Subcutaneous
- Mouse: Chapter 3 site
Treg cell Allogeneic

Migration, induction

/' islets

Adequate transplantation site
for islets

Vascularization

Figure 1. Schematic drawing of the methods for realizing islet transplantation
without immunosuppression. The preparation of vascularitich immune toleral
pouches from the implantation of hydrogels carryamgjiogenic factorat subcutaneo
site, for islet transplantation without immunosuggsive drugs.
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The aim of this thesis was the construction of adég transplantation site for
islet transplantation at subcutaneous site withmatunosuppression. The author tried to
induce vascularization and promote Treg cell induncend migration, in order to form
vascularized immune tolerant site at subcutaneoigs ssing hydrogels carrying
angiogenic factors (Figure 1).

The author focused angiogenic factors, such as 8- (SEK) known as a
TGF inducer and an of wound healing [61],[62], andiddibroblast growth factor
(bFGF) which is used as a treatment for burn woand skin ulcer [63],[64], and
performed subcutaneous islet transplantation inesdomor-recipient combinations of rat
and mouse models. In order to prepare transplantaite under the skin, the author
developed the hydrogel careers to deliver the facib subcutaneous sites. The author
used to agarose gel which won’t adhere to thedigsworder to get the space for islet
transplantation. The use of biodegradable materdigh are applied in clinical use, was
also examined. The gelatin sheet was used as asiadhprevention sheet. Sodium
hyaluronate solution has been used for the purpbaecelerating the formation of rich
blood vessels and the wound healing [65],[66]. Addally, the immunological analysis
was performed to reveal the mechanism of graft@ecee in present studies, focusing
Treg cells.

Chapter 1 describes the subcutaneous islet trariatitan by implantation of
agarose rods loaded bFGF (agarose-bFGF) withoutimosuppression. In this chapter,
allogeneic islet transplantations were carried iautwo donor-recipient combination,
F344 rats (RT-1)-ACI rats (RT-2 low responder) and Wister rats-Lewis rats (RT-1
high responder). Vascularized pockets were forniedt & days by the implantation of

agarose-bFGF in two dorsal subcutaneous sitesaibetic rats, and all of recipients

10
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showed long-term survival of the allogeneic isletfts transplanted into the vascularized
pocket. In contrast, none of recipients that weamdplanted donor islets at untreated
subcutaneous sites demonstrated long-term normemigc

The mechanisms underlying acceptance of the gaddts investigated by flow
cytometry and gene expression analyses. The papulat Treg cells was significantly
increased at the granulomatous tissue formed byrtpntation of agarose-bFGF for 7
days, compared with that formed by agarose rodbowit bFGF. Gene expression
analyses revealed that the gene expressions relgtedhe migration and induction of
Treg cells were significantly increased at the gtamatous tissue formed by the
implantation of agarose-bFGF for 7 days. In additmthat, the population of Treg cells
was maintained aroslet grafts 30 days after tramsation.

This chapter indicates that immune tolerant envitent formed by the
implantion of agarose-bFGF for 7 days.

Chapter 2 describes the subcutaneous islet trartapilan by implantation of
agarose rods incorporating cyclic oligopeptide SHKb5 (agarose-SEK) without
immunosuppression, and the immunological analysis the mechanism of graft
acceptance. SEK is a more stable and smaller matetthian bFGF.

A minimally invasive method for islet transplantati without
immunosuppression is needed to treat type 1 disbdtethis chapter, vascularized
pockets formed after 10 days by the implantatiomgdirose rods incorporating cyclic
oligopeptide SEK-1005 in two dorsal subcutaneotes $n diabetic ACI rats, and 8 of 10
recipients showed long-term survival of the allogienislet grafts of F344 rats
transplanted into the vascularized pocket.

The mechanisms of graft acceptance in this chaser investigated by flow
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cytometry and gene expression analyses. The papulat Treg cells was significantly
increased, and the ratio of CDB cells over CDA4T cells was significantly decreased at
the granulomatous tissue formed by the implantabbragarose-SEK for 10 days,
compared with that formed by agarose rods withdtiK.SGene expression analyses
revealed that the gene expressions related witmtgeation and induction of Treg cells
were significantly increased at the granulomategsue formed by the implantation of
agarose-SEK for 7 days. In addition to that, thpybation of Treg cells and the ratio of
CD8" T cells over CD4 T cells were maintained around islet grafts 30sdafter
transplantation. These results are not competirth Wie previous report that SEK
accelerates the production T@BFknown to induce Treg cells, and skin ulcer obéigs
mouse [61],[62].

This chapter indicates that a subcutaneous siteishpre-vascularized using
agarose-SEK may be useful for achieving succesdfageneic islet transplantation
without immunosuppression, and the implantatioragérose-SEK had the equivalent
efficacy as the agarose-bFGF.

Chapter 3 demonstrated the subcutaneous islepteamation by implantation of
agarose rods loaded bFGF and heparin (agarose witsbFGF-heparin) without
immunosuppression in mouse model. In this chaptéygeneic islet transplantations
were carried out in the donor-recipient combinatic7BL/6 (B6) mice- BALB/c mice.
There are various genetically modified mice andganis specific for mouse, compared
with rat. The establishment of mouse model for thibcutaneous islet transplantation
will enable to the more detailed immunological gsed about the mechanism of graft
acceptance.

In order to establish prevascularized spaces, aroag rod with bFGF-heparin

12
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was implanted for 8 days into two subcutaneous sitéhe groins of BALB/c mice. Four
days after implantation, Diabetes was induced i@ BALB/c mice by injecting
streptozotocin (STZ). Eight of 10 recipient micerabmstrated long-term nhomoglycemia
when 150 islets isolated from C57/BL6 mice werensm@anted into the each
prevascularized space. Few immune cells were obdeirv or around the long-term
survived islet grafts.

These results indicated that by the implantatioragérose rods with bFGF-
heparin enabled to engraft allogeneic islets withamy immunosuppression in mouse
model. The detailed immunological analysis aboet riiechanism of graft acceptance
will be enabled by this establishment of subcutaseslet transplantation in mouse
model.

Chapter 4 demonstrated with the development ofiévece for subcutaneous islet
transplantation constructed with the materials,clwihave been applied in clinical use.
Agarose is has not yet been applied in human gataena material for implantation into
the body. In addition, agarose cannot be degradédlbsorbed in the body. Therefore, it
needs to be removed from the body. In this chapteFEGF-carrying device without these
drawbacks was developed.

Allogeneic islet transplantations were carried oot the donor-recipient
combination, F344 rats to ACI rats. A gelatin fimas inserted as a spacer, and then the
mixture of bFGF and sodium hyaluronate solution wgected at the two dorsal
subcutaneous sites of STZ-induced diabetic ACI 6860 islets isolated from F344 rats
were transplanted into the each two pockets 7 dftigsimplantation. Nine of 10 diabetic
ACI rats with F344 islets into the prevascularizeackets demonstrated long-term

nomoglycemia without immunosuppressive medicaltomas revealed that the functions

13
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of islet grafts were maintained for a long timeeaftransplantation by the analysis of
plasma insulin levels and intraperitoneal glucoslerance tests. Gelatin flms were
almost degraded in 67 days after implantation btgtaneous site.

The removal procedure of hydrogel career is unrsacgsand islet suspension can
be transplanted by the injection. This chapter destrated the superior method because
surgical invasion can be reduced.

In this thesis, the author could demonstrate thatitnplantation of hydrogels
carrying angiogenic factors formed the vascularimachune tolerant pockets for islet
transplantation at subcutaneous site, and theaalkig islets transplanted into the pocket
survived for a long period without immunosuppreesivug. The author could show a
solution to the two problems of clinical islet temtantation, that is, the transplantation
site and the administration of immunosuppressiug dr

The author is convinced that the achievement is ttesis will be valuable for

insulin-dependent diabetes treatment.

14
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Chapter 1

Chapter 1.
Long-term Functioning of Idet Allografts in Subcutaneous Space

Formed with bFGF in Rat Models.

Introduction

Pancreatic islet transplantation has been expeittebecome a fundamental
treatment for insulin-dependent diabetes mellitdswever, several requirements must
be fulfilled for an ideal islet transplantationrstj the transplantation should be minimally
invasive to the same degree as an insulin injecBecond, treatment should not require
the administration of immunosuppressive agents afsasplantation. Third, the islet
graft should not be rejected for a long time. Houitt should be feasible to transplant
islets multiple times, when necessary. Fifth, gl be easy to remove the graft when
necessary. Subcutaneous sites have been consmteracsing for islet transplantation,
because they can be transplanted with a minimaitggive method. It has been shown
that blood glucose levels can be normalized favra ltime by transplanting syngeneic
islets into a subcutaneous site that was preparadvance by inducing formation of a
vascular network [1]-[3]. In recent years, it wasnebnstrated that allogeneic islets
transplanted in subcutaneous tissue were acceptecballd control blood glucose levels
of chemically-induced diabetes for a long periothaut immunosuppressants [4]. Those
results suggested that subcutaneous pancreatictristesplantation might not require
immunosuppression. Therefore, that islet transptaont approach was close to ideal,
because it fulfills most of the above requirements.

Immune reactions against grafts depend on the &sjmeaies, the phenotype, and
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the organ or tissue specificity [5]. In this studyvas examined whether long-term graft
function could be realized in an allogeneic isletansplantation without
immunosuppressive medications. Two donor-reciptembinations were studied: F344
rat donors (RT-1) with ACI rat recipients (RT) and Wistar rat donors with Lewis rat
recipients (RT-). Furthermore, immunological studies were carged to gain some

insight into the mechanisms underlying graft reggcand acceptance.
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Materials and M ethods

Materials

Streptozotocin, the penicillin-streptomycin mixeaugion, Tween-20, Triton X-
100, and Blocking One reagent were purchased frawaMi Tesuque (Kyoto, Japan).
FIBLAST Spray 500 (bFGF) were purchased from KAKENARMACEUTICAL CO.,
LTD (Tokyo, Japan). Hoechst 33258 nuclear stain wwaschased from Dojindo
Laboratories (Kumamoto, Japan); fetal bovine se(&BS) from Equitech-Bio, Inc.
(Kerrville, TX, USA); phosphate-buffered saline @Bfrom Nissui Pharmaceutical Co.
Ltd. (Tokyo, Japan); collagenase from Nitta Geldtsaka, Japan); MORPHOSAVE
from Ventana Medical Systems, Inc. (Tucson, AZ, JiSsad ACK buffer from Sigma-
Aldrich (St. Louis, MO, USA). Nunc™ 96-Well Polysgne Round Bottom Microwell
Plates were purchased from Thermo Fisher ScienfRmskilde, Denmark). SeaKem
GTG agarose were obtained from Lonza (Basel, Svigizd). Percoll was obtained from
GE Healthcare (Buckinghamshire,), and Fixable \ighDye was purchased from
Affymetrix Inc. (Santa Clara, CA. USA).

Table 1 presents the antibodies used in this sttlédyxa 488-labeled goat anti-
guinea pig 1gG, Alexa 594-labeled goat anti-guipgdgG, Hanks’ balanced salt solution
(HBSS), and RPMI 1640 were purchased from Life Tebbgies (Carlsbad, CA, USA).

RNeasy plus kits were obtained from Qiagen Japaky@, Japan). High-
Capacity cDNA Reverse Transcription Kits, and StepPlus™ were purchased from
Applied Biosystems (Foster City, CA, USA). Enzymekéd immunosorbent assay
(ELISA) kits for the rat insulin assay were puramdérom Shibayagi Co., Ltd. (Gunma,

Japan). The formalin solution and the hemoglobsagkit were purchased from Wako
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Pure Chemical Industries (Osaka, Japan). ELISAf&itshe rat TGH31 assay (TGl
Emax IMmuno Assay System) were purchased from PromegdMadison, WI, USA).
Tissue-Tek O.C.T. compound from Sakura Finetek U84, (Torrance, CA., USA); and
FITC-tomato lectin from Vector Laboratories, InBuflingame, CA, USA).

The glucose sensor (GLUCOCARD MyDIA) was purchaBed Arkray, Inc.
(Kyoto, Japan). Cytofix/cytoperm, Perm Wash, arel FACS Canto Il were purchased
from Becton Dickinson and Company (Durham, NJ, USH)e SH800 Cell Sorter was

obtained from Sony Co. (Tokyo, Japan).

Islet Transplantation
Animals

Two donor-recipient combinations were used: 8-Zenkek-old male ACI/NSIc
rats (RT-B and 8- to 12-week-old male Lewis/N Slc rats (RTds islet transplant
recipients; 7- to 9-week-old male Fisher 344 r&@44 /NSlc, RT-1') and 7- to 9-week-
old male Slc:Wistar rats as donors. All animals evpurchased from Japan SLC Inc.
(Hamamatsu, Shizuoka, Japan). All animal experim@rdgre performed following the

guidelines of the Kyoto University Animal Care Coittae.

Preparation of the agarose-bFGF rod

We prepared a rod-shaped agarose scaffold (diagmretem; length, 25 mm) as
previously described.[4] Briefly, a solution of %5w/v) agarose in distilled deionized
water was poured into a polystyrene tube, and ia®doon ice to induce gelation. Next,
the agarose gel was cut into rods that were frazer80°C overnight, and then freeze-

dried for 24 hours under reduced pressure. The ge&Fion were evenly dropped on to
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the freeze-dried agarose rofO pg or 50 ug bFGF in 100uL buffer). For control
experiments, 15@QL saline was dropped freeze-dried agarose gel Thdsagarose gel
rods with bFGF (agarose-bFGF rods) and the cormas without bFGF, were stored at

4°C until use.

Vascularization of subcutaneous tissue with the agarose-bFGF rod

To induce diabetes in the recipient rats, a singlaperitoneal injection of STZ
in citrate buffer (pH 4.5) was administered at aedof 60 mg/kg body weight. Rats with
non-fasting blood glucose levels of >400 mg/dL f@ro consecutive days were
considered diabetic. To induce vascularizatiome3$TZ rats, an agarose-bFGF rod was
implanted into the dorsal subcutaneous fat tissne fod in each of two sites) 7 days
after agarose-bFGF rods implantation. At 7 dayerafnplantation, these rods were
removed, and tissue that contacted the agarose-bédWwas harvested for histological
analysis. For semi-quantitative measurement ovéseularization level, the amount of
hemoglobin in the subcutaneous tissue was detedrasepreviously described [1].
Briefly, the harvested tissue was weighed, mineed, incubated for 48 hours at 4°C in
10 mL Gay'’s solution (0.75% Ni€l in 17 mM Tris-HCI buffer solution, pH 7.6) with
gentle periodical agitation to extract the hemogioblemoglobin concentrations were

determined using a hemoglobin assay Kit.

Islet isolation
Islets from donor F344 rats and Wistar rats weodated using the collagenase
digestion method as previously described.[6] Byiethe pancreas was inflated by

injection of collagenase solution (0.5 mg/mL in HBShrough the portal vein. The
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pancreas was then removed, and digested in colagesolution for 19 min at 37°C.
Islets were isolated from the digestion reactiongishe Ficoll/Conray density gradient
purification method. The islets were then cultured two days in RPMI 1640
(supplemented with 10% FBS, 100 units/mL penicilamd 100ug/mL streptomycin)

before transplantation.

Islet transplantation

Upon removal of the implanted agarose-bFGF rod901Slets isolated from
donor rats were transplanted into each of the teevpscularized dorsal pockets. Non-
treated STZ-rats were also transplanted 1500 isleiseach of the two dorsal sites. The
wounds were closed by suturing. None of the renipieats received any
immunosuppressive drugs before or after islet plamsation. For determination of non-
fasting blood glucose levels, blood samples welttkected from the tail veins of the
recipient rats daily for the first two weeks, amebtor three times per week thereafter.
Glucose levels were determined using a glucoseosehise finding of two consecutive
blood glucose measurements exceeding 250 mg/dLooasidered to indicate graft

rejection.

Intraperitoneal glucose tolerance test (IPGTT)

Recipient rats underwent an IPGTT to evaluate igletft function in ACI
recipients at between 50-55 days and between 180ddyks after islet transplantation.
Normal non-diabetic ACI rats were also evaluatedasrols. After 16 hours of fasting,
the rats were intraperitoneally administered a gdecsolution (1 g glucose/kg body

weight). Blood samples were collected 0, 15, 3Q, 8@ and 120 min after glucose
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loading, and a glucose sensor was used to mealsa dlucose levels.

Plasma insulin analysis

At 40 and 90 days after islet transplantation, dleas collected from the tail
veins of recipient ACI rats to determine the plasnslin levels. For controls, blood
samples were also collected from normal and STZ @l without islet grafts. All blood
samples were kept on ice, and then centrifuged®@® 4pm for 15 min at 4°C. Plasma
was collected and stored at —80°C until determamadif the plasma insulin concentration

by ELISA.

Histological examination of idlet grafts

On predetermined days, subcutaneous tissues cmgidime islet grafts were
collected and fixed in 4% paraformaldehyde (PFAPBSS. Thin 4um tissue sections
were prepared using standard methods, and stasied hematoxylin and eosin (H&E)
or immunofluorescently stained for insulin [7]. 8fti, for immunofluorescent staining,
the sections were permeabilized with 0.2% Tritod0G solution in PBS for 15 min at
room temperature. Next, the samples were incubfatedne hour with Blocking One
reagent to block non-specific staining, and theshea with PBS. The sections were
subsequently treated with a solution of polyclogainea pig anti-insulin antibody
(1:200) in Blocking One reagent for one hour aimdemperature. This was followed by
a one-hour incubation at room temperature with régoently labeled secondary
antibody—either Alexa 488-labeled goat anti-guimeg IgG (1:500) or Alexa 594-
labeled goat anti-guinea pig 1gG (1:500)—in Bloaki@ne reagent. The sections were

then washed with PBS containing 0.05% Tween-20, #mel cell nuclei were
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counterstained using Hoechst 33258. Finally, tiet@es were treated with 1 mM CusO

solution in 50 mM ammonium acetate (pH 5.0) for ¢wair at room temperature to

reduce autofluorescence [8].

Table 1. The antibodies used in this chapter.

Antigen Clone Host Application Dilution Source

CD4 0OX35 Mouse Flowcytometory 1/200 Becton, Digdn and
Company, NJ, USA

CD8a OX8 Mouse Flowcytometory 1/200 Becton, Dickimand
Company, Franklin Lakeg
NJ, USA

CD3e G4.18 Mouse Flowcytometory 1/200 Becton, Diskin and
Company, Franklin Lakeg
NJ, USA

CD25 OX39 Mouse Flowcytometory 1/200 Becton, Diskin and
Company, Franklin Lakes
NJ, USA

Granulocyte | RP-1 Mouse Flowcytometory 1/200 Affymelnc., Santa
Clara, CA, USA

Macrophage | HIS36 Mouse Flowcytometory 1/200 Beclnokinson and
Company, Franklin Lakeg
NJ, USA

CD11b/c OX42 Mouse Flowcytometory 1/200 Becton,Kison and
Company, Franklin Lakeg
NJ, USA

CD32 D34-485 Mouse Flowcytometory 1/100 Becton kidison and
Company, Franklin Lakeg
NJ, USA

Foxp3 FJK-16s Rat Flowcytometory 1/100 Affymethirc., Santa
Clara, CA, USA

Insulin polyclonal Guinea | Immunehistology 1/200 Abcam, Cambridge, UK.

pig
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Intravenous perfusion of FITC-lectin solution to visualize functional vasculature
FITC-tomato lectin solution (200g in 1 mL saline, containing 1000 IU heparin)
was intravenously perfused through the inferioraveava into STZ-ACI rats and STZ-
Lewis rats after 7 days of pre-vascularizationwai as into ACI recipient rats 30 days
after transplantation with F344 islets. After 15nnaif circulation, subcutaneous tissue
with or without islet grafts was rapidly dissectdatjefly washed twice with saline
solution, fixed, and snap frozen in liquid nitrogerhin 4um tissue sections were
prepared. Thin sections of the tissue with isletaftgr were subjected to

immunofluorescence staining to visualize insulimgstandard methods.

Effects of transplantation of F344 rat splenocytes on accepted islet grafts

At 30 (n = 3), 117 (n = 4), or 118 (n=1) days aftbet transplantation, STZ-ACI
rats with long-term functional F344 islet graftsrevéntraperitoneally injected with 10
F344 splenocytes isolated from islet donor F344. rElie Wistar rat is an outbred stock.
Splenocytes were isolated from islet donor at isk@fation and stored under frozen state.
The Wistar splenocytes were given to the Lewispieai of islets isolated from same
donor at 100 (n=2) days after islet transplantatikmilowing splenocyte injection, blood
glucose levels were determined daily for all ratsl¢tect graft rejection. At 5 or 6 days
after splenocyte injection, subcutaneous tissuedig the islet grafts was recovered for

histological examination.

Immunological Environment of Subcutaneous Tissue Pre-vascularized with

Agarose-bFGF Rods
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Prepar ation of tissue-infiltrated lymphocytes and of lymphocytesin regional lymph nodes
Fresh rat tissue-infiltrated lymphocytes were aigdi from rat subcutaneous
tissue and separated using a previously descrile¢itiot [9]. Briefly, subcutaneous tissue
was excised and cut into small pieces. Cell suspesisvere then filtered through a sieve,
and cooled on ice for 45 min. Next, the supernata# collected and purified by Percoll
gradient centrifugation at 15,000g¥or 20 min. Lymphocytes were also harvested from
regional lymph nodes [10]. Cell suspensions wergainbd from homogenized lymph
node tissue, and filtered through a sieve. Contatimg red blood cells (RBCs) were

lysed using ACK buffer.

Flow cytometry analysis and cell sorting

For intracellular staining, cells were fixed and rrpeabilized using
Cytofix/cytoperm and Perm Wash (BD Pharmingen)ofelhg the manufacturer’s
instructions. Flow cytometry was performed using BACS Canto Il (BD Biosciences),
and cell sorting using the SH800 (Sony Co.,Tokgpah). The sorted cells showed a cell

purity of >96%, and were used in subsequent ex@ris

TGF-41 concentrations in subcutaneous tissue implanted with agarose-bFGF rods
Wound exudate was sampled daily from the site af@ge-bFGF rod implantation.

After centrifugation at 1000 g, TGF$1 concentration was determined by ELISA.

Gene Expression Analyses of Pre-vascularized Subcutaneous Tissue
Microarray analysis

From subcutaneous tissue treated with agarose-bB@¢ (n = 3) or control
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agarose rods (n = 3), total RNA was extracted ushy RNeasy Plus Kit. Then
biotinylated antisense RNA was preparedrbyitro amplification using the Express Kit
Assay (Affymetrix). Microarray analyses were penfi@d by Kurabo Industries Ltd.
(Tokyo, Japan). Briefly, biotinylated antisense RNvwas hybridized to Affymetrix
GeneChip Rat Genome 230 2.0 arrays. The acquiretbanray data were uploaded to
the National Center for Biotechnology Informatioer@ Expression Omnibus (GEO).
The data were preprocessed with RMA (Robust MuficAverage) normalization.
Specific gene groups comprising genes associati&dhneg cells, the GO term cytokine,
or the GO term chemokine were identified. A volcghat was generated to visualize the
normalized expression of all genes or specific ggoeips. The gene score (t statistics)
of the specific groups of genes associated withGReterms cytokine and chemokine
(but not the gene group associated with Treg celiff) the total gene score as the
reference were further compared. A heat map wasrgted to visualize the normalized

expression of Treg cell-associated genes.

Statistical Analysis
Between-group comparisons were made using the &fsdedest. A log-rank test was
used to compare graft survival between experimeartdl control groups. R value of

<0.05 was considered statistically significant.
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Results

Islet transplantation

Freeze-dried agarose rods were applied with bésmdast growth factor (bFGF;
50 ug/rod) to prepare agarose-bFGF rods. Rat diabebeelsiwere created by injecting
streptozotocin (STZ) into rats (STZ rats; Figure)lAJnder normal conditions,
subcutaneous tissues of STZ rats displayed lowdeferascularization (Figure 1B, C).
Agarose-bFGF rods were implanted into STZ ratsaicheof two dorsal subcutaneous
sites. After 7 days, the formation of highly vaseided granulomatous tissue adjacent to
the agarose-bFGF rods were observed (Figure 1046&).hemoglobin content of these
tissues increased to 5.46 + 1.70 mg/g (Figure Riymerous endothelial cells, visualized
with an intravenous injection of FITC-lectin, indied that many blood vessels existed
in the granulomatous tissue (Figure 2B, C). In sghent experiments, the agarose-bFGF
rods were removed on day 7, and islets were transgl into the resulting subcutaneous
spaces, surrounded by highly vascularized, grarations tissue (bFGF-spaces).

Two models of donor-recipient combinations weredufse transplantations. In
one model, islets from donor F344 rats (R were transplanted into recipient ACI rats
(RT-1%); in the other model, islets from donor Wistasragere transplanted into recipient
Lewis rats (RT-1. All recipient rats had STZ-induced diabetes (S&&). After the
agarose-bFGF rod treatments, a total of 1500 atleigeslets were transplanted into each
bFGF-space for a total of 3000 islets per recipiestt No immunosuppressive
medications were given to recipient STZ rats, befor after transplantation. Blood
glucose levels of the 8 STZ-ACI rats and 5 STZ-lsewits are shown in Figure 3A and

3B, respectively. All recipients achieved normogiysa more than 100 days after
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transplantation. The full normalization of bloodigbse levels took longer in STZ-Lewis
rats than in STZ-ACI rats. This difference mightédeen due to the low quality of islets
isolated from Wistar rats. In contrast, when isletsre transplanted into untreated
subcutaneous tissues, no recipients demonstratetbgtycemia (Figure 3C, D). Figure

3E and 3F show graft survival during 100 days dftemsplantation.

A

—

= Agarose-bF GF = —

Islets

Figure 1. Preparation of a subcutaneous iset transplantation site. (A) Schemati
drawing of the methods foreft) inducing the formation of a subcutaneous s
surrounded by highly vascularized granulomatousuéisand right) transplanting isle
after removing the agarose rod. (B, C) Microscampiages show untreated subcutan:
sites in STZ-ACI rat (B), and in STEewis rats (C). (D, E)Microscopic images st
prevascularized subcutaneous sites in a-ACl rat (D), and a STZ-ewis rat (E). (F, C
H&E staining of a section of subcutaneous tissoenfa STZ-ACI rat (F), and in STZ-
Lewis rats (G); the tissue was prascularized by implanting an agarose rod withu§
bFGF for 7 days. Yellow arrows indicate vasculature
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Islet graft function was characterized in ACI réeigis by determining plasma
insulin levels and performing intraperitoneal glsedolerance tests (IPGTTs; Figure 4A-
C). The plasma insulin levels of the recipientseveigher than those of untreated STZ
rats, at 40 days and 90 days after transplantéfigure 4A). Those were almost same
levels of normal rats. Large differences were olesgrin the areas under the blood
glucose curves (AUCs) of IPGTTs between untreaf€d fits and recipient STZ rats
implanted with F344 islets at 50-55 days and 100-ddys after transplantation (Figure

4B, C).
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Figure 2. Vasculature of subcutaneousidlet transplantation site. (A) The hemoglobi
contents of untreated tissue (n=6) or granulomaiesises prepared by the implantats
for 7 days of agarose rods carrying the indicatedwnts of bFGF (Qug, n=3; 10ug,
n=7; 50ug, n=7). Data are the mean % SD. The statisticgiicance of betweegrour
differences was determined by one-way ANOVA. *P£04, **P=0.0444. (B The
endothelial layer in the granulomatous tissue $Ta-ACI rat (B), and a STZewis ra
(C), visualized with an intravenous FITEetin infusion, visualized with an intravent
FITC-lectin infusion.

36



Chapter 1

The islet grafts on the left dorsal sites of ACHl&rwis recipients were retrieved
at 159 days and 100 days after transplantationpeatisely, for histochemical
examinations. The islet grafts were clearly visiblehematoxylin and eosin (H&E)
stained slices (Figure 5A, B). Most islets wereomporated into the connective tissue.
Few lymphocytes were found in and around the tplafts. Many insulin-positive cells
were observed in immunofluorescently stained sl{Eggure 5C, D). The vessels in islet
grafts that were connected to host vessels of ¢egients were visualized with an

intravenous infusion of a FITC-lectin solution (&ig 5C).
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Figure 3. Normalization of blood glucose levels after idet transplantation into
subcutaneous bFGF-spaces. Rats received nammunosuppressive drugs, before
after islet transplantation. Blood glucose levety@evmeasured after transplanting @50
islets subcutaneously. (A) STXCI rats transplanted with F344 islets in eachwb
bFGF-spaces (n=8); (B) STiZewis rats transplanted with Wistar islets in eathwo
bFGF-spaces (n=5); (C) STZ-ACI rats transplantati WB44 islets in each divo dorss
untreated sites (n=5); (D) STZ-Lewis rats transi@drWistar islets in each of two dorsal
untreated sites (n=5). (E) Kaplan-Meier plots aifgsurvival for ACI rat recipientsP
=0.0002; (F) Kaplan-Meier plots of graft survivat Lewis rd recipients. **P = 0.000
(E, F) Solid lines show survival of islets transytd into the bFGEpaces; dotted lin
show survival of islets transplanted into untreageldcutaneous sites.
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Figure 4. Functions and morphologies of idet grafts. (A) Plasma insulin levels
untreated healthy (normal) ACI rats (n=7), untrdad@betic (STZACI) rats (n=7), an
diabetic (STZ-ACI) rats treated with 3000 F344tsleansplanted into bFG$paces ar
tested at 40 days (n=4) and 90 days (n=4) afterspiantation. (B) Results fro
intraperitoneal glucose tolerance tests (IPGTT)dooted in normal ACI rats (op
squares, n=7), STZ-ACI rats (filled circles, n=&hd STZACI rats treated with 30(
F344 islets transplanted into bFGF-spaces anditeste@0—-55lays (open triangles, n=
or at 100205 days (open circles, n=3) after transplantaiiGh Areas under the IPG’
curves (AUCs). Data are the mean + SD. The stadissignificance of betweegrour
differences was determined by one-way ANOVA. *P.e0D1.
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A H&E staining B H&E staining

C Insulin/ FITC-lectin/ hoechst Insulin/ hoechst

Figure5. Morphologies of islet grafts. (A) H&E staining of graft Wistar islets retriev
from STZ Lewis rats at 100 days after transplaotat{B) Immunofluorescence stain
of F344 islets in a graft retrieved 30 days aftansplantation shosvinsulin (red) ar
endothelial cells (green); the intravenous infugbf1TCHectin allowed examination
functional vasculature. (C) Immunofluorescencenstgi of Wistar islets in a gr:
retrieved 100 days after transplantation showsdlimggreen). Scale bars: 50n.
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Immune characteristics of vascularized granulomatoustissue, before and after islet
transplantation
Immune cells that infiltrated the granulomatousugsbefore islet transplantation

were isolated and analyzed with fluorescence-aeti/aell sorting (FACS; Figure 6-8).
The percentage of Foxp8ells among all CD4T cells (Treg%) increased in the presence
of agarose- bFGF rods, reaching 25% at 2 days aftplantation. The Treg% was
maintained at levels >24% from 7 to 14 days afgarase-bFGF rod implantation (Figure
6A). In contrast, the Treg% was <15%, when granalomws tissue was prepared by
implantation of a bFGF-free agarose rod. Moreavea)l STZ rats that received agarose
rods, with or without bFGF, less than 10% Tregscedére detected in the draining lymph
nodes, axial lymph nodes, and spleen on any day&igB, 7A, and B). When Treg% in
lymph nodes and spleen was compared, no differeaseobserved. Thus, the agarose-
bFGF rods evoked regional, but not systemic, meatifbns in the immunological
environment. The CD8T/CD4" T ratio was also determined. After agarose rods
with/without bFGF were implanted, the CDBCD4" T ratios of both groups increased
from ~35% to 50%—70% during the observation pefkigure 8A). However, the CD8
T/CD4" T ratios slightly decreased, from 37% to 28%, hie tiraining lymph nodes
(Figure 8B). Implantation of agarose-bFGF rods it produce a change in the CD8
T/CD4" T ratios in the axial lymph nodes or spleens of &ts (Figure 7C, D). TGB1,
which is reported to play a role in inducing Tregl€ [11], was maintained at higher
concentrations in the tissue fluids of bFGF-sp#tas in spaces prepared by implantation
of bFGF-free agarose rods (Figure 8C).

The immunological characteristics of the islet geadfvironment played a pivotal

role in the long-term survival of the graft andtgsuccess in glycemic control. Immune
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cells that were in the graft and surrounding cotinec¢issues were analyzed at 5 and 30
days after islet transplantation. Around the igletfts, >20% Treg cells was maintained
for 30 days after transplantation (Figure 9A). émizast, <10% Treg cells was observed
in draining lymph nodes, in axillary lymph nodesdan the spleen (Figure 9B, 10A, and
B). Around the islet grafts, CD8/CD4" T ratios rose to slightly higher levels than
observed pre-transplantation, but later, theseogatiecreased to preoperative levels
(Figure 9C). CD8T/CD4" T ratios were <50% in draining lymph nodes, inllary

lymph nodes, and in the spleen, before and aftetr imnsplantation (Figure 9D, 10C,

and D).
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Figure 6. Recruitment of immune cells in granulomatous tissues formed at
subcutaneous sites and in draining lymph nodes. Cells weremeasured for 14 da
following implantation of agarose rods with or vatit bFGF. (A, B) The percentage:
Foxp3 cells (Treg cells) were evaluated in (A) CD4cells isolated from granulomatc
tissue and (B) CD4T cells isolated from the draining lymph nodese@gircles: STZ-
ACl rats treated with agarose-bFGF rods (dasid=1; day 7, n=3; days10 and 14, n
filled circles: STZACI rats treated with agarose rods without bFGFy¢daiand 7: n=:
days 10 and 14: n=4). Data are the mean = SEMk O®01 (Twoway ANOVA), **P =
0.00345, ***P = 0.0126.
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Figure 7. Recruitment of immune cells in axillary lymph nodes and spleen for 14
days following implantation of agarose rods with or without bFGF. (A, B) The
percentages of Fox™ cells (Treg cells) were evaluated in CDH4cells isolated from (i
axillary lymph nodes and (B) spleen in the daysradigarose rod implantation. (C,
The ratios of CD8T cells (cytotoxic T cells) to CD4T cells isolated from (C) axilla
lymph nodes and (D) spleen in the days after agarod implantation. (A3) Oper
circles: STZ-ACI rats treated with agarose-bFGFsr{@ays 13: n=1; days 7 and 1
n=3; and day 14: n=4); filled circles: STA:I rats treated with agarose rods witl
bFGF (days 2, 7, and 10: n=3; day 14: n=4). Datalee mean + SEM.
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Figure 8. Recruitment of immune cells in granulomatous tissues formed at
subcutaneous sites and in draining lymph nodes. Cells were measured for 14 d
following implantation of agarose rods with or vatit bFGF. (A, B) The ratios of CD8
T cells (cytotoxic T cells) to CD4T cells isolated from (A) granulomatous tissue €B)
the draining lymph nodes. (A, B) Open circles: SAZ} rats treated with agaros#-GF
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with agarose rods without bFGF (days 2 and 7: ©a$s 10 and 14: n=4). Data are
mean = SEM. (C) TGIBL concentrations in the exudate surrounding implhatyaros
rods. Open circles: STZ-ACI rats treated with agattFGF rods (n=3); filled circle
STZ-ACI rats treated with agarose rods without bR@&#E3). Data are the mean + SD.
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Figure9. Recruitment of immunecellsin STZ-ACI recipient ratsmeasured at 5 and
30 days after F344 idet transplantation. (A, B) The percentages of Foxp&ells (Tret
cells) were evaluated in (A) CDZ cells isolated from subcutaneous tissue contg
the islet graft and (B) CD4T cells isolated from the draining lymph nodes. DJ,The
ratios of CD8 T cells (cytotoxic T cells) to CO4T cells isolated from (C) subcutane
tissue containing the islet graft and (D) the dragnymph nodes. Filled circles: valt
measured before islet transplantation (see FigOpgn circles: values measured
(n=3) and 30 (n=4) days after islet transplantatiosita are the mean + SEM.
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Geneexpression in granulomatous tissue

Gene expression were also analyzed in granulomdissse formed after
implanting agarose rods, with or without bFGF (Fegdl, 12). First the gene group
defined in gene ontology (GO) terms as “chemokares cytokines” was examined. The
expression of those genes, excluding the Tregassibciated genes, was significantly
reduced in the bFGF group compared to the bFGF¢reap (Figure 11). In contrast,
expression levels of Treg cell-associated chemakioel12 and thetgf signaling-
associated gengreml), increased significantly in the bFGF group coneplato the
bFGF-free group (Figure 12A, B). The expressionelewvof greml might play an
important role in recruiting or inducing Treg ce]l?2]. These data suggested that the
agarose-bFGF rod implantation stimulated the esprasf some chemokines, cytokines,
and receptors associated with chemotaxis and imfuot Treg cells. Gene expression
analyses also suggested that Treg cells contribtdethe long-term acceptance of

allogeneic islet grafts.

Effect of donor splenocyte injectionson graft survival
The STZ-ACI rats with stable F344 islet grafts meed an intraperitoneal

injection of F344 rat splenocytes at 30 days, Jdysdand 118 days after transplantation.
Blood glucose levels tended to increase a few aétgs splenocyte injections (Figure
13A). Two STZ-Lewis rats with Wistar islet graftts@ received splenocytes from the
donor Wistar rats at 100 days (Figure 13B). Aghliood glucose levels tended to increase.
Among STZ-ACI rats that received splenocytes 30sdafter transplantation, the
immunological characteristics of the connectiveues in the graft environment were

analyzed, before and after the splenocyte injeciitve Treg% levels in and around islet
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grafts were 23.4 £ 5.2% before donor-antigen impectand they slightly decreased to
20.7 £ 3.1% at 5 days after the injection of sptanes (Figure 13C). In contrast, the ratio
of CD8" to CD4 T cells increased from 59.6 + 8.2% to 131.8 + #d &8 5 days after the

injection (Figure 13D).
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Figure 11. Gene expression changes in granulomatous tissue formed by implanting
agarose rods with or without bFGF. Whole gene expression was analyze
granulomatous tissue newly formed at 7 days afted-8Cl rats were implanted wi
rods with or without (control) bFGF (n=3, each gshuGene scores (t statistics)
expressed on a cumulative frequency graph. Thid fine indicates the cumulati
frequency of the expression of all genes. The brolkee indicates the cumulati
frequency of expression of genes in a specific groe., the group of genes identif
with the GO terms “cytokines” and “chemokinesftea removing those associated v
Treg cells. The significance of the difference ang scores between the specific (
group and all genes (reference) was determinedtivtstudent’s-test.
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Figure 12. Gene expression changes in granulomatous tissue formed by implanting
agarose rods with or without bFGF. Whole gene expression was analyze
granulomatous tissue newly formed at 7 days afted-8CI rats were implanted wi
rods with or without (control) bFGF (n=3, each gshu(A) Volcano pld shows th
fold-changes in mRNA levels (dots). The x-axis shdhe log of the foldehanges i
gene expression observed in granulomatous tissaes BFGFspaces relative to th
expression in granulomatous tissues prepared bhantgiion of bFGF-freagarose roc
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are shown. Red circles: the 100 genes that shaweedreatest fold¢hanges. Blue fille
circles: the 100 genes with the most significantaRies. (B)Heat map represents
expression of Treg-associated genes in bB@d&tes and spaces prepared by implan
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Figure 13. Rgjection of established subcutaneous allogeneic islet grafts caused by
infusing splenocytes from islet donors into the peritoneal cavities of recipient rats.
(A, B) Blood glucose levels before and after (AY $plenocytes of donor rats (F3
were injected (arrows) into the corresponding STZAecipient rats at 30 (n=3)17
(n=4), or 118 (n=1) days after transplantationBy 10’ splenocytes of donor (Wist:
rats were injected (arrows) into the ST&wis recipient rats at 100 days a
transplantatn (n=2). The Wistar rat is an outbred stock. Spitgtes were isolated frc
donors at islet isolation and stored frozen. Spigtes and islets isolated from se
donor were given to recipients. (C) PercentageaxpB’ cells (Treg cells) in CD4T
cells isolated from subcutaneous tissue contaitiiadgunctioning islet graft of STACI
recipient rats at 30 days after islet transplaotat{n=3), and those isolated fr
subcutaneous tissue 5 days afteérA®44 splenocytes injection (n=3). (D) Ratios of&cD
T cells to CD4 T cells isolated from subcutaneous tissue contgittie functioning isle
graft of STZACI recipient rats at 30 days after islet transfdéion (n=3), and tho:
isolated from subcutaneous tissue 5 days afteF384 splenocytes injgoh (n=3). (C
D) Postinjection measurements were taken just after bippoclose levels rose above. .
mg/dL. Data are the mean £ SEM.
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Discussion

Various methods have been investigated for transipla islets without
immunosuppressive medications, including: 1) tréargng into immune privileged (or
tolerant) sites; 2) creating a bioartificial parage3) reducing islet immunogenicity; and
4) transplanting islets plus suppressive immunés.calthough these methods looked
promising in small animals, each has proven diffitm apply in humans. For example,
immune privileged sites, such as the cerebral igatthe anterior eye chamber, and the
testicle [13]-[15], were difficult to apply clinitlg, because they were too small for islet
transplantation. Alternatively, a bioartificial paeas or islets encapsulated in a
semipermeable membrane [7] were limited in clinegaplication in humans, due to the
large size or volume of the devices. Other methodsstigated involved modulating islet
immunogenicity, such as UV light irradiation or ttwing at low temperatures [16]-[18].
To my knowledge, none of those methods were suttdéis€linical applications. Others
have reported promising results by transplantireggoegates that comprised islets and
immunosuppressive cells, such as Treg cells [1§],[Sertoli cells [21],[22], and
mesenchymal stem cells [23]. However, it is diffido prepare coaggregates of human
islet cells and Treg cells in large quantitiesdee in human patients.

This approach to protecting islet grafts from tlesthimmune system was to
transplant islets into a subcutaneous site fornyadhblanting agarose rods applied with
bFGF. It was found that the agarose-bFGF rod evalegibnal, but not systemic
immunological reactions. This feature was suggebtiedhe increase observed in the
percentage of Foxp3Treg) cells among CD4T cells in granulomatous tissue, but not

in the lymph nodes or spleen. Finally, the allogersdet grafts survived in subcutaneous
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bFGF-spaces for long periods, in the absence otinusuppressive medications.

As shown in Figure 13, islet grafts that had fumo#id for long periods of time
were rejected, when donor lymphocytes were injedtéal the peritoneal cavities of
recipients. This fact was interesting from an imwlogical standpoint, but also from a
safety standpoint, which is important for cliniégslet transplantations. Islet shortage is
considered an obstacle that must be overcomehisuyptoblem will likely be resolved in
upcoming years. Several groups have successfgbnerated quasi-islets from human
pluripotent stem cells (ES/iPS cells). They repbtteat transplantation of quasi-islets in
a murine diabetes model could normalize hyperglyaef@4],[25]. However, it is
important to ensure the safety of transplantafidre major safety concerns with those
methods are teratoma formation by residual ES/iBs @and tumor formation by
transformed cells, which might arise in the procetdlifferentiation [26]. When a
teratoma/tumor forms in a subcutaneous site, iteareadily removed surgically, due to
the easy access in subcutaneous tissue. Moreesetual malignant cells can be killed
by administering antigen prepared from the origiB&/iPS cells. Thus, cell therapy
safety can be increased by using functional celtsrdd from ES/iPS cells.

In this chapter, it was analyzed T cells that mdidtiated into the granulomatous
tissue to gain some information about the immunckigenvironment. This chapter
suggested that Treg cells played a pivotal rolgraft acceptance. However, in addition
to Treg cells, various other cells, including regaty B cells [27],[28] and M2
macrophages [29],[30], have been known to suppm@ssune reactions. Notably,
immunological reactions to grafts highly dependlus response phenotype, the type of
organ or tissue, and the animal species involvedurE studies should conduct islet

transplantations in larger animal models, suchgsand macaque monkeys, and perform
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more detailed immunological analyses in small ahimadels.
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Chapter 2

Chapter 2:
Long-term Functioning of Allogeneic Islets in Subcutaneous Tissue
Pretreated with a Novel Cyclic Peptide without Immunosuppressive

M edication.

I ntroduction

One method of treating insulin-dependent diabedittepts is the transplantation
of islets of Langerhans (islets), whereby a sudpensf islets isolated from a donor
pancreas is infused into a recipient liver throtighportal vein [1]. However, intrahepatic
islet transplantation carries a risk of complicasipsuch as hepatic hematoma and portal
pressure increase, which can significantly impearlfunction and islet graft survival [2].
Thus, recipients must take immunosuppressive medinsato protect the islet graft
against immune reactions. Other limitations ofahgpatic islet transplantation include
the invasiveness of the transplantation procedhbeerisk that islet transplantation might
impair an important organ, the side effects ofrdguired immunosuppressive drugs, and
a shortage of islets.

Islet shortage was initially considered a daunthgllenge, but this problem will
likely be resolved in upcoming years, as severaugs have successfully regenerated
quasi-islets from human pluripotent stem cells (ES/cells). Transplantation of these
quasi-islets in a murine diabetic model can regllyt@ormalize hyerglycemia [3],[4].
Tremendous research efforts have been dedicateettooming the remaining problems.
To address the invasiveness of intrahepatic tranggtion, subcutaneous transplantation

has been investigated. Syngeneic islets have beegessfully subcutaneously
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transplanted in rat and mouse models [5]-[7]. Tée af a subcutaneous transplantation
site facilitates islet transplantation and remavader local anesthesia. Additionally, in a
diabetic rat model, allogeneic islets transplanted subcutaneous site prevascularized
with agarose-fibroblast growth factor-2 (bFGF) sarvive and normalize blood glucose
levels for a long period without immunosuppressharapy [8].

The cyclic oligopeptide SEK-1005 (SEK) (its molesustructure are shown in
Figure 1) was isolated from Streptomyces nobilis appears to be a new type of

antiinflammatory agent [9],[10].

CH;
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Figure 1. The chemical structure of SEK.
Hydroxy-N-[2-hydroxyl-oxo-2-tetrahydro-2-hydroxyffethyl-5-(2-methylpropyl)-
2H-pyran-2-yl-propyl]-Leu-Pip(hexahydro-3-pyridagrarbonyl)-N-hydroxy-Ala-N-
methyl-Phe-Pip-,.rho.-lactone.

OH
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SEK can reportedly accelerate healing of fulldhiess wounds, and acts as a
potent inducer of transforming growth facR¥TGF{31) [11]. Based on these findings,
it was hypothesized that SEK could potentially terimate a richly vascularized space for
islet transplantation in subcutaneous tissue. énpifesent study, the author investigated
the use of SEK to create a subcutaneous site suteouby highly vascularized
granulomatous tissue for islet transplantationiabetic rats, and examined allogeneic

islet graft survival in this setting without immusppressive treatment.
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Materials and M ethods

Materials

The Sekisui Chemical Co. (Osaka, Japan) kindly tlhaSEK-1005
(CasH70NsO13). Streptozotocin, the penicillin-streptomycin ndxeolution, Tween-20,
Triton X-100, and Blocking One reagent were purelafsom Nacalai Tesuque (Kyoto,
Japan). Hoechst 33258 nuclear stain was purchased Dojindo Laboratories
(Kumamoto, Japan); fetal bovine serum (FBS) fronuitegh-Bio, Inc. (Kerrville, TX,
USA); phosphate-buffered saline (PBS) from Nissharfaceutical Co. Ltd. (Tokyo,
Japan); collagenase from Nitta Gelatin (Osaka, lafaeaKem GTG agarose from
Cambrex Bio Science Rockland, Inc. (Rockland, MBAY, mitomycin C from Kyowa
Hakko Kirin Co., Ltd; MORPHOSAVE from Ventana MedicSystems, Inc. (Tucson,
AZ, USA); and ACK buffer from Sigma-Aldrich (St. uis, MO, USA). Nunc 96-Well
Polystyrene Round Bottom Microwell Plates were pased from Thermo Fisher
Scientific (Roskilde, Denmark). SeaKem GTG agarbaean umbilical vein endothelial
cells (HUVECS), and basal medium (EBM-2) contairnsagplements and growth factors
(growth medium; EGM-2) were obtained from Lonza g8a Switzerland). Percoll was
obtained from GE Healthcare (Buckinghamshire, Ud€)d Fixable Viability Dye was
purchased from Affymetrix Inc. (Santa Clara, CA,A)JS

Table. 1 presents the antibodies used in this sAldya 488 Anti-Guinea pig 1gG,
Alexa 594 Anti-Guinea pig IgGHanks’ balanced saltton (HBSS), CFSE fluorescent
dye, acetoxymethyl ester of calcein, and RPMI 1&4&e purchased from Life
Technologies (Carlsbad, CA, USA).

RNeasy plus kits were obtained from Qiagen Japaky@, Japan). High-
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Capacity cDNA Reverse Transcription Kits, and StepRlus were purchased from
Applied Biosystems (Foster City, CA). Enzyme-linkdmunosorbent assay (ELISA)
kits for the insulin assay were purchased from &mlgi Co., Ltd. (Gunma, Japan). The
formalin solution and the hemoglobin assay kit werechased from Wako Pure
Chemical Industries (Osaka, Japan). ELISA kitsther rat TGFHB1 assay (TGHB1 Emax
Immuno Assay System) were purchased from Promegé\Galison, WI, USA). TGF-
B1 was obtained from Pepro Tech (London, UK); Tissek O.C.T. compound from
Sakura Finetek USA, Inc. (Torrance, CA, USA); and@-tomato lectin from Vector
Laboratories, Inc. (Burlingame, CA, USA).

The glucose sensor (GLUCOCARD MyDIA) was purchaBedh Arkray, Inc.
(Kyoto, Japan). A heated microscope stage was psech from Carl Zeiss (Jena,
Germany). Cytofix/cytoperm, Perm Wash, and the FATa&to Il were purchased from
Becton Dickinson and Company (Durham, NJ, USA). Bi#4800 Cell Sorter was
obtained from Sony Co. (Tokyo, Japan). Histofina®8e StainTM MAX PO (MULT]I)
and Histofine® Simple Stain DAB solution were obtd from NICHIREI

BIOSCIENCES INC. (Tokyo, Japan).
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Table 1. The antibodies used in this chapter.

Antigen Clone Host Application Dilution Source

CD4 Wa3/25 Mouse Immunehistology 1/50 Abcam, Cambridge.

CD4 0OX35 Mouse Flowcytometory 1/200 Becton, Digkin and
Company, NJ, USA

CD8a OX8 Mouse Immunehistology 1/50 Novus Biologicals LLC.,
Littleton, CO., USA.

CD8a OX8 Mouse Flowcytometory 1/200 Becton, Dickmand
Company, Franklin Lakes
NJ, USA

CD3e G4.18 Mouse Flowcytometory| 1/200 Becton, Diskn and
Company, Franklin Lakes
NJ, USA

CD25 OX39 Mouse Flowcytometory| 1/200 Becton, Diskin and
Company, Franklin Lakes
NJ, USA

Granulocyte | RP-1 Mouse Flowcytometory 1/200 Affyroelnc., Santa Clara,
CA, USA

Macrophage | HIS36 Mouse Flowcytometory 1/200 Beciiokinson and
Company, Franklin Lakes
NJ, USA

CD11b/c OoXx42 Mouse Flowcytometory|  1/200 Becton,dison and
Company, Franklin Lakes
NJ, USA

CD32 D34-485 Mouse Flowcytometory]  1/100 Becton kibison and
Company, Franklin Lakes
NJ, USA

Foxp3 polyclonal | Rabbit Immunehistology 1/50 Novus Biologicals LLC.,
Littleton, CO., USA.

Foxp3 FJK-16s Rat Flowcytometory|  1/100 Affymetiic., Santa Clara,
CA, USA

Insulin polyclonal | Guinea pig| Immunehistology1/200 Abcam, Cambridge.

Insulin C27C9 Rabbit Immunehistology 1/100 Cell Signaling Technology,
Beverly, MA, USA

TGF$1, 2,3 | 1D11 Mouse Neutralizing R&D Systems, Minneapolis,
MN, USA
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Islet Transplantation
Animals

8- to 10-week-old male ACI/NSIc rats (RTA&s islet transplant recipients were
used, and 7- to 8-week-old male Fisher 344 rat44FSSlIc, RT-¥1) were used as donors.
All animals were purchased from Japan SLC Inc. (baatsu, Shizuoka, Japan). All
animal experiments were performed following thedglines of the Kyoto University

Animal Care Committee.

Prepar ation of the agarose-SEK rod

Rod-shaped agarose scaffolds (diameter, 4 mm;He@§tmm) were prepared as
previously described [8]. Briefly, a solution 06% (w/v) agarose in distilled deionized
water was poured into a polystyrene tube, and ia®doon ice to induce gelation. Next,
the agarose gel was cut into rods that were frazer80°C overnight, and then freeze-
dried for 24 hours under reduced pressure. Thedreeied agarose rods were evenly
loaded with SEK solution (10 pg or 100 pg SEK infA0ethanol), and the ethanol could
volatilize for 4 hours. Subsequently, the rods weaeled with 150 uL saline. For control
experiments, freeze-dried agarose gel rods wedetbwith 150 uL saline, without SEK.
The agarose gel rods with SEK (agarose-SEK rods)tae control rods were stored at

4°C until use.

Vascularization of subcutaneous tissue with the agarose-SEK rod
To induce diabetes in the recipient ACI rats, thesre administered a single
intraperitoneal injection of STZ in citrate buffggH 4.5) at a dose of 60 mg/kg body

weight. Rats with blood glucose levels of >400 rhgfdr 2 consecutive days were
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considered diabetic. To induce vascularizatiome$TZ rats, we implanted an agarose-
SEK rod into the dorsal subcutaneous fat tissuedin each of 2 sites). At 10 days after
implantation, these rods were removed, and tissaedontacted the agarose-SEK rod
was harvested for histological analysis. For seamdjtative measurement of the
vascularization level, we determined the amounh&ioglobin in the subcutaneous
tissue as previously described [5]. Briefly, thevested tissue was weighed, minced, and
incubated for 48 hours at 4°C in 10 mL Gay’s solutf0.75% NHCI in 17 mM Tris-HCI
buffer solution, pH 7.6) with gentle periodical &gion to extract the hemoglobin.

Hemoglobin concentrations were determined usingradglobin assay Kkit.

ISlet isolation

Islets from donor F344 rats were isolated usingctiilagenase digestion method
as previously described [12]. Briefly, the pancneas inflated by injection of collagenase
solution (0.5 mg/mL in HBSS) through the portalnzéfhe pancreas was then removed,
and digested in collagenase solution for 19 miB72C. Islets were isolated from the
digestion reaction using the Ficoll/Conray dengritgdient purification method. The islets
were then cultured for 2 days in RPMI 1640 (sup@etad with 10% FBS, 100 units/mL

penicillin, and 10Qug/mL streptomycin) before transplantation.

Islet transplantation

Upon removal of the implanted agarose-SEK rods damtrol agarose rods
without SEK), 1500 islets isolated from F344 raerevtransplanted into each of the 2
prevascularized dorsal pockets. The wounds wersedldy suturing. None of the

recipient rats received any immunosuppressive dmiggng the experiments. For
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determination of nonfasting blood glucose levelspth samples were collected from the
tail veins of the recipient rats daily for the fird weeks, and 2 or 3 times per week
thereafter. Glucose levels were determined usimgiuaose sensor. The finding of 2
consecutive blood glucose measurements exceedifgnifdL was considered to

indicate graft rejection.

Intraperitoneal glucose tolerance test (IPGTT)

Recipient rats underwent an IPGTT to evaluate gglaft function at between 50—
55 days and between 100-105 days after islet tiamsgpion. Normal nondiabetic rats
were also evaluated as controls. After 16 houfasiing, the rats were intraperitoneally
administered a glucose solution (1 g glucose/kgybwdight). Blood samples were
collected 0, 15, 30, 60, 90, and 120 min after gbecloading, and a glucose sensor was

used to measure blood glucose levels.

Plasma insulin analysis

At 40 and 90 days after islet transplantation, dleas collected from the tail
veins of recipient rats to determine the plasmalindevels. For controls, blood samples
were also collected from normal and STZ rats withslet grafts. All blood samples were
kept on ice, and then centrifuged at 4000 rpm fomnin at 4°C. Plasma was collected

and stored at —30°C until determination of the plasnsulin concentration by ELISA.

Histological examination of islet grafts
On predetermined days, subcutaneous tissues cmgidime islet grafts were

collected and fixed in 4% paraformaldehyde (PFAPBS. Thin 4 pm tissue sections
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were prepared using standard methods, and stasieg iematoxylin and eosin (H&E)
or immunofluorescently stained for insulin [13].i&ty, for immunofluorescent staining,
the sections were permeabilized with 0.2% Tritod00 solution in PBS for 15 min at
room temperature. Next, the samples were incubfatedne hour with Blocking One
reagent to block nonspecific staining, and thenhedswith PBS. The sections were
subsequently treated with a solution of polyclanahea pig antiinsulin antibody (1:200)
in Blocking One reagent for 1 hour at room tempeeatThis was followed by a 1 hour
incubation at room temperature with fluorescendligeled secondary antibody—either
Alexa 488-labeled goat antiguinea pig IgG (1:500M\kexa 594-labeled goat antiguinea
pig 1gG (1:500)—in Blocking One reagent. The sawdiavere then washed with PBS
containing 0.05% Tween-20, and the cell nuclei veenterstained using Hoechst 33258.
Finally, the sections were treated with 1 mM Cu30lution in 50 mM ammonium

acetate (pH 5.0) for 1 hour at room temperaturedoice autofluorescence [14].

Intravital perfusion of FITC-lectin solution to visualize functional vasculature
FITC-tomato lectin solution (200g in 1 mL saline, containing 1000 IU heparin)
was intravenously perfused through the inferioraveava into STZ rats after 10 days of
prevascularization, as well as into ACI rats 30dafyer transplantation with F344 islets.
After 15 min of circulation, subcutaneous tissuéhvar without islet grafts was rapidly
dissected, briefly washed twice with saline solutiixed, and snap frozen in liquid
nitrogen. Thin 4um tissue sections were prepared. Thin sectionseofissue with islet
grafts were subjected to immunofluorescence stgitarvisualize insulin using standard

methods.
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Effects of transplantation of F344 rat splenocytes on accepted islet grafts

At 30 (n = 3) or 117 (n = 5) days after islet tralastation, STZ rats with long-
term functional F344 islet grafts were intraperéalty injected with 10 F344
splenocytes isolated from islet donor F344 ratdloling splenocyte injection, blood
glucose levels were determined daily for all ratsi¢tect graft rejection. At 5 or 6 days
after splenocyte injection, subcutaneous tissuedig the islet grafts was recovered for

histological examination.

Immunological Environment of the Subcutaneous Tissue Prevascularized with
Agarose-SEK Rods
Prepar ation of tissue-infiltrated lymphocytes and of lymphocytesin regional lymph nodes
Fresh rat tissue-infiltrated lymphocytes were aigdi from rat subcutaneous
tissue and separated using a previously describettianh [15]. Briefly, subcutaneous
tissue was excised and cut into small pieces.stelbensions were then filtered through
a sieve, and cooled on ice for 45 min. Next, theesoatant was collected and purified by
Percoll gradient centrifugation at 15 000 x g fom@in. Lymphocytes were also harvested
from regional lymph nodes [16]. Cell suspensiongemebtained from homogenized
lymph node tissue, and filtered through a sievent@uminating red blood cells (RBCs)

were lysed using ACK bulffer.

Flow cytometry analysis and cell sorting
For intracellular staining, cells were fixed and rrpeabilized using
Cytofix/cytoperm and Perm Wash (BD Pharmingen)ofelhg the manufacturer’s

instructions. Flow cytometry was performed using BACS Canto Il (BD Biosciences),
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and cell sorting using the SH800. The sorted skitsved a cell purity of >96%, and were

used in subsequent experiments.

Treg suppression assays

From the treated subcutaneous tissue of ACI/NSk; @D25CD4" T cells, a
Treg cell-rich fraction, were harvested for usesagpressor T cells. CDd cells from
ACI/NSIc rats were labeled with the fluorescent @SE (5uM), and used as responder
T cells. A total of 2.5 x 1Dresponder T cells were cultured without COZD4"
regulatory T (Treg) cells or with Treg cells atlgaltios ranging from 1:1 to 1:8. These
cells were cultured in 96-well polystyrene roundtom microwell plates for 4.5 days at
37°C under 5% Cg) in the presence of antigen-presenting cells (% treated with
mitomycin C (0.1 mg/mL) and soluble anti-CD3y@/mL). Cultured cells were stained

with a Fixable Viability Dye, and evaluated by flaytometry.

iTreg induction assay

In the presence of antigen-presenting cells (5*%tt@ated with mitomycin C (0.1
mg/mL) and soluble anti-CD3 (g/mL), we cultured a total of 2.5 x 4@aive CD4 T
cells. These cells were cultured in 100 complete RPMI (RPMI 1640, 10% FBS, 50
U/mL penicillin, and 5Qug/mL streptomycin) plus TGB1 (5pg/mL), and soluble anti-
CD3 (1 pg/mL) in 96-well polystyrene round bottom microwelates for 4.5 days at
37°C under 5% C® Cultured cells were stained with Fixable ViakilDye, anti-CD4
antibody, anti-CD3 antibody, and anti-Foxp3 antijpodnd were evaluated by flow

cytometry analysis.
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TGF-$1 concentrations in subcutaneous tissue implanted with agarose-SEK rods
Wound exudate was sampled daily from the site af@ge-SEK rod implantation.

After centrifugation at 1000 g, TGF$1 concentration was determined by ELISA.

Gene Expression Analyses of Prevascularized Subcutaneous Tissue
Real -time rever se-transcription polymerase chain reaction (RT-PCR)

The expressions of several genes were analyzezhlbyime quantitative RT-PCR
based on real-time detection of accumulated flu@ese using the TagMan system. Total
RNA was extracted from subcutaneous tissue usiaRideasy Plus Kit. Then, cDNA
was synthesized by reverse transcription using High Capacity cDNA Reverse
Transcription Kit. Quantitative RT-PCR was perfodmesing StepOnePlus, and the
results were analyzed using StepOne Software. N@atian was performed using a

VIC-labeled probe for HPRT1 (Applied Biosystems).

Microarray analysis

From subcutaneous tissue treated with agarose-®EK (n = 3) or control
agarose rods (n = 3), total RNA was extracted ushy RNeasy Plus Kit. Then
biotinylated antisense RNA was prepared by in \atmgplification using the Express Kit
Assay (Affymetrix). Microarray analyses were penfi@d by Kurabo Industries Ltd.
(Tokyo, Japan). Briefly, biotinylated antisense RNvwas hybridized to Affymetrix
GeneChip Rat Genome 230 2.0 arrays. The acquiretbanray data were uploaded to
the National Center for Biotechnology Informatioer@ Expression Omnibus (GEO).
The data were preprocessed with RMA (Robust MuficAverage) normalization.

Specific gene groups were identified comprisingagesssociated with Treg cells, the GO
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term cytokine, or the GO term chemokine. A volcalai was generated to visualize the
normalized expression of all genes or specific ggoeps. The author further compared
the gene score (t statistics) of the specific gsonfpgenes associated with the GO terms
cytokine and chemokine (but not the gene groupciaisal with Treg cells) with the total
gene score as the reference. A heat map was geddratvisualize the normalized

expression of Treg cell-associated genes.

In Vitro Examination of Effects of SEK on Endothelial Cells

HUVECs were maintained at 37°C under 5% >Ci@ EBM-2 containing
supplements and growth factors (growth medium; EBMFo assess the production of
TGF$1 and VEGF in cell culture or during tube formatitme conditioned medium after
1 hour of HUVEC culture was assayed. The tube ftionaassay was performed using
3D collagen matrix as described previously [17].\HECs were mixed with collagen
solution (2.5 mg/mL type | collagen, 1x M199, 26 NaHCO3, 0.7 mM L-glutamine)
at a density of 2 x PCells/mL. The cell-collagen mixture was then adted 96-well
half-area plate. After 30 min of incubation at 371i@ler 5% C@ the cells were treated
with EBM-2 containing various concentrations of SteiK 24 hours. Next, the cells were
washed with HBSS, and acetoxymethyl ester of cale@is added to a final concentration
of 2.5 uM. After 30 min, tube formation was obsehwmder a fluorescent microscope,

and tube length was analyzed using NIH ImageJ so&w

Statistical Analysis
Between-group comparisons were made using the &fsddest. Comparisons

among 3 or more groups were performed using 1-weayyais of variance (ANOVA)
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followed by posthoc analysis using the Tukey hdgesignificant difference (HSD)
method. A log-rank test was used to compare gtaftigal between experimental and

control groups. A value of <0.05 was considered statistically sigatiit.
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Results

Preparation of Highly Vascularized Granulomatous Tissue in Subcutaneous Tissue
Using Agarose-SEK Rods

To induce vascularization in subcutaneous tissli #&as delivered using a
freeze-dried agarose rod. The agarose-SEK rods ingkanted in each of 2 dorsal
subcutaneous sites in streptozotocin (STZ)-indwtiatetic ACI rats (STZ ACI rats).
Normally, only a low level of vascularization isggent in the subcutaneous tissue of an
STZ ACI rat (Figure 2B). Implantation of agaroselsavithout SEK did not seem to
increase vascularization (Figure 2C, E, F). In stf at 10 days after the implantation
of agarose-SEK rods into STZ ACI rats, we obsehigtily vascularized granulomatous
tissue adjacent to the agarose rods (Figure 2Bi)Gl he agarose-SEK rods were easily
removed, without tissue adhesion, creating subeaias spaces surrounded by highly
vascularized granulomatous tissue (SEK spacesrd-@Q). To visualize the functional
vasculature in the granulomatous tissue, we peddnmtravenous perfusion of an FITC-
lectin solution, which revealed numerous lectin#pes circles, indicating blood vessels
in the granulomatous tissue (Figure 2I). Evaludiedd vessel induction was also semi-
quantitated by determining the hemoglobin conténhe tissue [5]. These data showed
that tissue hemoglobin content depended on the aintd SEK loaded into the agarose
rod (Figure 2J). Following implantation of a rodntaining 100 pg SEK, tissue
hemoglobin content significantly increased from31+60.434 mg/g in untreated tissue to
8.07 £ 2.08 mg/g in treated tissue. Thus, for tilesequent in vivo experiments, agarose-

SEK rods prepared with 100 ug SEK/rod were used.
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Figure 2. Preparation of a subcutaneous islet transplantation site enriched in blood
vessels. (A) Schematic drawing of the methods of inducing subcutaneous blood
vessel formation, and of islet transplantation. Macroscopic images of the subcutane
tissue of streptozotocin (ST&)duced diabetic ACI rats with no treatment (B)1@tday
after implantation of agarose rods without SEK @j)d at 10 days after implantatior
agarose-SEK rods (D). Scale bars: 10 nm(®, F) H&E staining of tissue af
implantation of an agarose rod without SEK, and b H&E staining of tissue pre-
vascularized by implantation of an agarose rod aiaimtg 100 pg SEK for 10 da
Yellow arrows indicate vessels. @ndothelial layer of granulomatous tissue visua
by FITC4ectin infusion. (J) Hemoglobin content of tisswer untreated STZ ACI re
(n = 3), and from STZ ACI rats with implantation ajarose rods without SEK (n =
with 10ug SEK (n = 3), and wh 100ug SEK (n = 5) for 10 days. Data are shown a
mean = SD. P < 0.01, Scale bars: (E, G) 20, (F, H, 1) 50um. Experimental resul
of untreated STZ ACI rats are composed the pagkperimental @sults presented frc
chapter 1.
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Allogeneic Ilet Transplantation

Male ACI/NSIc rats (RT-3 ACT rats) were used as recipients of islet
transplantation, and male F344/NSlc rats (RT-F433 rats) were used as islet donors.
In this donor—recipient combination, islets tha mansplanted into the liver via the portal
vain are rejected by the host (ACI rat) immune eysf8]. Diabetes was induced in the
ACI rats (n = 10) by STZ injection. To prepare SEpaces, agarose-SEK rods were
implanted on each dorsal side of STZ ACI rats  per site) for 10 days. 1500 F344
islets were transplanted into each SEK space,ingt&000 islets in each recipient rat.
The recipient STZ ACI rats received no immunosugpgire medications before or after
transplantation.

Figure 3A shows the blood glucose levels of theedipient rats. Among these
10 rats, 2 did not exhibit normoglycemia beyonddas after transplantation, while 7
showed normoglycemia for over 100 days after trEamsgtion. One recipient was
sacrificed on day 60 for histological analysiscbntrast, when islets were transplanted
into subcutaneous spaces formed by the implantafiagarose rods without SEK, none
of the 5 recipients exhibited long-term normoglycerfFigure 3B). In these rats, the
grafts may have deteriorated due to low oxygeniderd.8]—[20] Figure 3C shows graft
survival plotted against days after transplantation

The recipients’ mean plasma insulin levels wer@ ®8.61 ng/mL at 40 days
posttransplantation, and 1.48 + 0.14 ng/mL at 9 geosttransplantation (Figure 4A).
Mean plasma insulin levels were 1.27 + 0.03 ng/mharmal ACI rats and 0.35 £ 0.07
ng/mL in STZ ACI rats. While plasma insulin leveilere slightly higher in STZ ACI
recipients compared to in normal rats, this diffiees was not significant. IPGTT was

performed in normal rats and STZ ACI rats, andecipient rats at between 50-55 days
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and between 100-105 days posttransplantation @igB). The area under the curve

(AUC) from IPGTT data did not significantly diffdretween normal rats and recipient

rats with islets in SEK space (Figure 4C).
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Figure 3. The effects of allogeneic idet transplantation on chemically-induced
diabetic (STZ ACI) rats. (A) Blood glucose levels of STZ ACI rats after tsptantatiol
of 3000 F344 islets into SEK spaces without immuppsessive drugs. (B) Blo
glucose levels of STZ ACI rats after transplantatd3000 F344 islets into subcutane
site prepared by implantation of agarose rods witli8EK. (C) KaplarMeier plots o
graft survival. Solid line: Islets transplantedoi8EK spaces. Closed circle indicates
sacrifice of a rat on day 60 for histological asaly. Dotted line: Islets transplaniatb
subcutaneous sites prepared by implantation obagands without SEK.P < 0.01.
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Figure 4. Functions of idet graftsinto the SEK-spaces. (A) Plasma insulin levels
normal AClI rats (n = 4), STZ ACl rats (n = 4), a&diZ ACI rats with 3000 F344 isl¢
transplanted into tissue pretreated with aga®&iSK-rods at 40 days (n = 4) and 90 ¢
(n = 4) post-transplantation. Data are shown as et SD. P < 0.01. (B) Results
intraperitoneal glucose tolerance test (IPGTT)aommal ACI rats (open squares, n =
STZ ACl rats (closed circles, n = 4), and STZ A@tkrwith 3000 F344 islets transplar
into tissue pretreated with agarose-SEK rods ab5@ays (open triangles, n = 4) or 200
105 days (open circles, n = 4) after islet trangalgon. (C) Area under the curve for
IPGTT. Data are shown as the mean = SD<*0.01. Experimental resulté normal rat
and STZ rats are composed the part of experimesgalts presented from chapter 1.
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All recipients received 2 grafts, 1 each on thé defd right dorsal sites. At 106
days posttransplantation, the left islet graftadlerecipient was retrieved for histological
examination. Blood glucose levels were maintaingdhe remaining right islet graft
(Figure 14A). Microscopic images of typical secsare shown in Figure 5A, and B. The
islets were clearly visible in the H&E stained ekc(Figure 5A), and many insulin-

positive cells were observed in the slices immurartscently stained with anti-insulin
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Figure5. Histological analysisof iset graftsat subcutaneous site. (A, B) Histologica
analysis of islet grafts that functioned for ov@6Hays. Tissue was retrieved 106 ¢
after transplantation. (A) H&E staining, and (B)nmanofluorescence staining for inst
(green), and nuclear staining with Hoechst (bl&=ale bar: 50 um. (C) Intraven:
infusion of FITC-lectin to examine the funatial vasculature of islet grafts at 43 ¢
pos-transplantation. Immunofluorescent staining of Ims(red), staining of endothel
cells with FITClectin (green), and nuclear staining with Hoeclhdtig€). Scale bar: !
pLm.
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antibodies (Figure 5B, C). Few lymphocytes infiitng into and around the islet grafts
were observed. To assess the connection of vasstis islet grafts to the recipient’s
own vessels, intravenous infusion of a FITC-lestitution was performed. Functioning
vessels within the islet grafts were clearly visibk indicated by FITC-lectin stained cells

(Figure 5C).

Immunological Properties of Granulomatous Tissue Formed by | mplantation of
Agarose-SEK Rods

Most allogeneic islet grafts survived when transi@d into the SEK spaces
surrounded by granulomatous tissue induced by im@l@n of agarose-SEK rods. The
immune cells that infiltrated the granulomatousues were isolated and analyzed by
FACS. The percentage of FoxXplls among CD4T cells (Treg cells) was increased in
the presence of agarose-SEK rods, reaching 18% d#ty2 after implantation. This
percentage continuously increased, reaching >24%/!adays after agarose-SEK rod
implantation (Figure 6A, B, lower panel). In comdfiathis percentage was <15%
following implantation of an agarose rod withoutkKSEigure 6A, B, upper panel). On
the other hand, the percentages of Treg cellssintaining and axial lymph nodes and in
the spleen, did not differ between the rats thaixed agarose-SEK rods vs. agarose rods
without SEK (Figure 6C, and Figure 7A, C). Thesaliings indicate that the agarose-
SEK rod evoked regional but not systemic immunalabieactions.

The ratio of CD8 T cells to CD4 T cells was also determined. This ratio
increased from ~35% to 50—-60% following implantatif agarose rods without SEK
(Figure 6D, E upper panel). In contrast, this ratas <30% in the granulomatous tissue
of STZ ACI rats with agarose-SEK rod implantatiéiiglre 6D, E, lower panel). With

regards to the percentage of Treg cells among*dDeklls, the ratio of CDST cells to
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CD4" T cells did not change (~28—-30%) in the drainipgph nodes, the axial lymph
nodes, or the spleens of STZ ACI rats following lampation of agarose-SEK rods
(Figure 6F, and Figure 7B, D).

Next, the immunosuppressive activity of COZD25" T cells (which are mostly
Treg cells) [21] isolated from the granulomatogstie formed following implantation of
agarose-SEK rods was examined. The presence wéiisfiltrating CD4 CD25' T cells
suppressed the proliferation of CD&lls. The percentage of proliferated cells wad %3

in the presence of CDED25" T cells versus 42.4% in their absence (Figuret$G).
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Figure 6. Profiles of immune cells in the granulomatous tissue formed at
subcutaneous sites after treatment with agarose-SEK rods. (A) The percentage
Foxp3 cells among CDA4T cells (Treg cells) in granulomatous tissue igtplb again
the days after agarose rod implantation. Presevates are from tissue formed
implanted agaros8EK rods (open circles; n = 3) and by implantedaggrods withot
SEK (closed circles; n = 3). The statistical sigr@ihce of betweegroup differences wi
determined by analyses of variance (ANOVA). Da@a ltown as the mean + SEMP *
< 0.05. (B) Representative flow cytometry imagesnt analyses gated for CD3eD4"
T cells. (C) The percentage of Treg cells among CDdells in draining lymph nodes
plotted against the number of days after agarodemplantation. Presented valLare
for draining lymph nodes in rats treated with agaf®EK rods (open circles) and w
agarose rods without SEK (closed circles). In lmpthups: day 2, n = 3; days 7, 10,
14, n = 4. Data are shown as the mean + SEM. Behgesup differences weneoi
statistically significant. (D) The ratio of CD& cells to CD4 T cells in granulomato
tissue is plotted against the number of days aftgrose rod implantation. Presel
values are for tissue from rats treated with aga®BK rods (open circles = 3), an
with agarose rods without SEK (closed circles; 8)=The statistical significance
between-group differences was determined by ANOMAta are showas the mean
SEM. *P < 0.05. (E) Representative flow cytometry imagesnf analyses gadefor
CD3€ (n = 3). (F) The ratio of CDS8T cells to CD4 T cells in draining lymph nodes
plotted against the number of days after agaras@mplantation. Values are for drain
lymph nodes in rats treated with agarose-SEK roldséd circles), andith agarose roc
without SEK (open circles). For both groups, dag 2,3; days 7, 10, and 14, n =Dhte
are shown as the mean * SEM. Betwgeoup differences were not statistici
significant. (G, H, 1) The effects of CDED25" T cells (Treg-rich fraction) on CD8[-
cell proliferation. CD4CD25 T cells were isolated from granulomatous tissuenéx
around implanted agarose-SEK rods. Histograms dbEXtained cells are shov
Responder (CD$ T cells were stained with CFSE () and cultured irthe presenc
of mitomycin C-treated antigen-presenting cellsmedium supplemented with anti-
CD3e antibody (G), without anti-CD3e antibody (ldy,with anti-CD3e antibody plt
Treg cells (I). The numbers on the black lines ¢atk the percentages of pfetatec
responder T cells that showed decreased CFSE itytelBach plot is representative
three independent experimernitsall panels, data for STZ ACI rats treated wigfas:
rods without SEK (filled circles) are reproduceadnfr chapter 1.
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Figure 7. Percentages of Foxp3* cellsamong CD4* T cells(Treg cells), and theratios

of CD8" T cellsto CD4" T cellsin the axillary lymph nodes and in the spleen are
plotted against the days after agaroserod implantation. (A-D) Percentages of Foxp3
cells among CDA4T cells in axillary lymph nodes (A) and in the spie(C). Ratios «
CD8' T cells to CDA T cells in axillary lymph nodes (B) and in the sgigD). Value
are for streptozotocin (STZ)-induced diabetic A@tsrtreated with agarose-SEK rods
(open circles), andith agarose rods without SEK (closed circles). Ibath groups, d¢
2,n=3;days 7, 10, and 14, n = 4. Data are shasthe mean £ SENh all panels, da

for STZ ACI rats treated with agarose rods with8&K (filled circles) areeproduce

from chapter 1.
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Gene Expression in Granulomatous Tissue Formed by Agarose-SEK Rod
Implantation

Microarray analysis of mMRNA isolated from granuldmss tissue formed by
agarose-SEK rod implantation was performed to glieaights into the mechanisms
supporting generation of the immune-tolerant emviment. In Figure 8A, a volcano plot
presents the results of whole gene expression sinalyhe agarose-SEK rod group
showed significantly increased expression levelthetgfbl signaling-associated gene
greml, and of the granulocyte chemotaxis-associatedsgif8a8 ands100a9.

To elucidate the functional gene groups altere8Bi{, an unbiased analysis was
performed using GO terms. The gene scores of gengg defined by GO terms were
examined using empirical cumulative distributiomdtion (ecdf) analysis. The results
indicated that the scores of a gene group definedhb GO terms chemokines and
cytokines (except for Treg cell-associated geniggiificantly decreased in the agarose-
SEK rod group compared to in the agarose rod witB&K group (Figure 9). In contrast,
the expression levels/scores of 2 genes encodin@ridy cell-associated chemokines and
cytokines tgfrl and cxcl12 significantly increased in the agarose-SEK rodugro
compared to the SEK-free agarose rod group (Fi@B)eTime-course analysis revealed
increasedgfbrl expression levels at 7 and 10 days after implemtaif agarose-SEK
rods (Figure 8C). Overall, these data demonsttze dgarose-SEK rod implantation
increased the expressions of some chemokines &okirngs, along with the expressions

of receptors associated with chemotaxis and thg de# induction.

85



Chapter 2

A = Mmp13
pe] ~ 'm
S o o e
c_v(f)e/-\
£5cY o _— S700a9
= .= 0= -~
omom
€ > © — Cxcl5
— Q
ocgQo — Grem1

x 2 2 © -
88230 —— L
cC o o9 ~ Cff
© - - <
.9@5-
U— N
-5 0 5

Fold change of normalized gene expressions
SEK group / Control (Log, Fold change)

C

Low High

Arbitary unit of
tgfbr1 expression

O 1 1 J

5 10 15
Days after implantation

Without SEK With SEK

Figure 8. Whole gene expression analysis of formed granulomatous tissue. (A)
Volcano plot in which each dot represents a sibgle of mMRNA present at 7 days a
implantation of agarose rods with or without SEK=(8 for each). The axis shows tF
log of the fold-change of gene expression in subcuiasissue implanted with agarose-
SEK rods relative to their expression in tissuelanted with rods without SEK. The y-
axis indicates the —lagof theP value. Representative gene names are shown. Rt
indicate the 100 genes showing the greatestdb&ige. Blue closed circles indicate
100 genes with the most significdhvalues. (B) Heathap representing the express
of Treg cellassociated genes at 7 days after implantationdsf wath or without SEK (

= 3 for each). (CYgfbr gene expression (in arbitrary units) is plottedirgfahe numbe
of days after agarose rod implantation. Open @riridicate the agarose-SEK gp ant
closed circles indicate the group without SEK. iStatal significance of betweegroug
differences was determined by analyses of varigAbEOVA). Data are showms thi
mean = SEM. P < 0.01. Data for STZ ACI rats treated with aganas#s without SEK
(controls) are reproduced from chapter 1.
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the cumulative frequency of the expressions ofgalhes. The red line indicates
cumulative frequency of expressions of genes eaific group ie, gees identified wit
the GO terms cytokines and chemokines and thata@rassociated with Treg cells. -
Student’s t test was used to determine the diffterdretween the gene score of a spe
gene group and the gene score for all genes (aztheence). Data for STACI rats
treated with agarose rods without SEK (controls)raproduced from chapter 1.
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Immunological Environment around the Subcutaneous I slet Graft

The immunological environment around an islet gpddiys a pivotal role in the
graft's long term survival and its success in ghpaecontrol. Using FACS, the immune
cells were analyzed, isolated from subcutaneossdisontaining islet grafts at 5 and 30
days after islet transplantation. During the 30sdagsttransplantation, the percentage of
Foxp3 cells among CD4T cells (Treg cells) was maintained at >20% arotimadislet
grafts (Figure 10A). In contrast, this percentagesw10% in draining lymph nodes,
axillary lymph nodes, and the spleen (Figure 108, Bigure 11A, C). The ratio of CD8
T cells to CD4 T cells were also examined. Around the islet gaaf draining lymph
nodes, this ratio remained at the pretransplamatadue, which was as low as ~40%
(Figure 10C, D). The ratio was about 60% in suboeas tissue formed by agarose rods
without SEK, and it was 40-50% in the spleen (FegLiD). Additionally, the percentage
of granulocytes among total immune cells was maiethat >25% during the 30 days
posttransplantation (Figure 10E). Overall, the imwoiagical environment of
subcutaneous tissue containing an allogeneicgssdt was the same as the environment

before islet transplantation, ie, in the tissuela@s after agarose-SEK rod implantation.
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Figure10. Immunological environment around thetransplanted idet grafts. (A, B)
The percentage of Foxp8ells among CDA4T cells (Treg cells) in granulomatous tis
(A) and in draining lymph nodes (B) plotted agaih& days after transplantation. Val
are shown for tissue formed before islet transplaom (closed circles; n = 3) and a
islet transplantation (opagircles; n = 3). Data are shown as the mean + SEIVD) The
ratio of CD8 T cells to CD4 T cells plotted against the days after transplamain
granulomatous tissue (C) and in draining lymph sod®). Values are shown for tis:
formed before isletransplantation (closed circles; n = 3), and afkat transplantatic
(open circles; n = 3). Data are shown as the me&EM. (E) The percentage
granulocytes among total immune cells in granulomsttissue over time. Values
shown for tissue befe islet transplantation (closed circles; n = &)d for tissu
containing islet grafts (open circles; n = 3). Data shown as the mean + SEM.
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(B, D) The ratios of CD8T cells to CD4 T cells in axillary lymph nodes (B), and

spleen (D) are plotted against the number of dé&gs slet transplantation. Values

shown for tissue formed before islet transplantafeosed circles) = 3), and after isl
transplantation (open circles; n = 3). Data arewshas the mean = SEM.
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Histological examination was performed to invedigthe location of immune
cells in tissues with islet grafts. At 5 days p@stsplantation, many lymphocytes were
observed surrounding the islets (Figure 12A). Intcst, at 30 days posttransplantation,
few lymphocytes were observed and Treg cells hittated into the islets (Figure 12B).
CD8' T cells remained at the islet surfaces or in Megsethey did not infiltrate into the
islets (Figure 12B). The locations of the Treg<alhd CD8T cells suggested that the

islet grafts were specifically protected from rejec.
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Figure 126. Immunoperoxidase staining for CD4* T cells, Foxp3* cells (Treg cells),
insulin-positive cells, and CD8* T cells in thin sections of subcutaneous tissue with
allogeneic idet grafts. F344 islets were transplanted into granulomatossué c
streptozotocin (STZ)-induced diabetic ACI rats afteplantation of agaros8EK rod:
without immunosuppressive therapy. (A) Tissue immlaat 5 days after is
transplantation. (B) Tissue isolated at 30 daysrafiiet transplantation (B). Scale b
50 pum, 20 um (magnified insets). Yellow arrows aadé Foxp3cells or CD8 cells.
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Effects of Donor Splenocyte I njection in Graft Recipients

STZ ACI rats that had functional F344 islet grafte 30 days were next
systematically sensitized by intraperitoneal ingatof F344 rat splenocytes. Their blood
glucose levels tended to increase for a few dags aplenocyte injection (Figure 13A).
It was also examined how donor-antigen injectiopacted the proportion of immune
cells around and within the islet grafts. The petage of Treg cells infiltrating into and
around the islet grafts was 24.1 + 1.2% before damtigen injection, and decreased to
18.8 + 1.9% at 5 days after antigen injection (Fégl3B). In contrast, the ratio of CD8
T cells to CD4 T cells was 37.1 + 6.5% before donor-antigen iinjecand increased to
55.8 £ 18.5% at 5 days after injection (Figure 13distological examination revealed
that many CD8T cells infiltrated into the islet graft, althoudheg cells were still found
in the islets. Insulin-positive cells were disrup{&igure 14D). The same phenomenon
was observed when these experiments were perform&ITZ ACI rats with stable

functioning F344 islet grafts at 117 days (Figu4& 1B, and C).
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Figure 13. Rejection of established subcutaneous allogeneic idet grafts after
injection of splenocytes from F344 rats (idet donors) into the peritoneal cavity of
recipient ACI rats. All recipients carried two grafts, one each onl#éfeand right dors:
sides. Efore injection of splenocytes, one graft was reaaofor examination. A total
10’ cells from the spleen of a donor F344 rat weresaflinto the abdominal cavity
the recipient ACI rat at 30 days after graft trdasfation (n = 3). (A) Effects ohjectior
of 10’ F344 splenocytes on islet graft function. Red \ariadicates timepoint of
splenocyte injection (day 30). (B, C) Effects geirtion of 13 F344 splenocytes on t
immunological environment around the islet grafisslie containing islegrafts wa
removed and analyzed at 5 days after splenocyetiop. (B) The percentage of Foxp3
cells among CD4T cells (Treg cells) in tissue removed from ratghwor withou
injection of donor splenocytes. Data are showmeasrtean + SEM. (C) The ratio of CD8
T cells to CD4 T cells in the tissue removed from rats with orhwiit injection of donc
splenocytes. Data are shown as the mean £+ SEM.

93



Chapter 2

>

600~
500~

N
o
o
T
auli—

Blood glucose
(mg x dL-")
w
o
=

N

o

o
T

100

O I 1 L

90 100 110 120 130 140
Days after transplantation
B H&E staining C Insulin/ Hoechst

slsatin

Figure 147. Transplantation of 107 splenocytesfrom F344 rats (islet donors) into the
peritoneal cavity of recipient ratsat 117 days (red arrow) after idet transplantation
resulted in the rejection of established subcutaneous allogeneic idet grafts (A-C).
Tissue containing islet grafts was removed and ggeed at 6 days aftsplenocyt
injection. (A) Effects of splenocyte injection oslat graft function in terms of blo
glucose levels. (B, C) Subcutaneous tissuataining islet grafts stained with H&E ¢
immunofluorescently stained for insulin. Most o&timsulin-posiwve cells disappear:
after splenocyte injection. Scale bar: 100 um.l(@nunoperoxidase staining of CDR
cells, Foxp3 cells, insulin-positive cells, and CDS8T cells in thin sections
subcutaneous tissue from the allogeneic islet gitat days after infusion of 16-34<
splenocytes into the intraperitoneal cavity at 8@sdafter graft transplantation. Scale
S50 pum.
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Figure 15. The effects of SEK on HUVEC production of TGF-p1 and VEGF, and
tubeformation. (A) HUVECs were incubated for 1 hour with or with@&nM SEK, an
then the concentrations of TGH- in the culture medium were determined. Dat¢
shown as the mean + SEM of eight independent exats. ***P < 0.001. (B) HUVEC
were incubated for 1 hour with or without 5 nM SE&jyd with or without TGH:
neutralizing antibodies (5 pg/mL), and then the WVEGncentrations in the cultt
medium were determined. Data are shown as the mealEM of eight independe
experiments. *P < 0.05, **P < 0.001 fdne indicated comparisons. (C) Effects of ¢
on HUVEC tube formation. For 24 hours, HUVECs wareubated in the abser
(control) or presence of SEK (50 nM) or VEGF (10mQp), and tube formation w
visualized using a fluorescence microscope. (D)eRtEpendent effects of SEK on tt
formation (n = 1246). ***P < 0.001 versus the value in control expents without SEI
and VEGF. (E) TGH1 concentrations in the exudate of granulomatasié forme
over time after implantation of rods with or witHdbEK (n = 3 for each). Values
shown for tissue formed following implantation afeoseSEK rods (open circles; r
3), and of agarose rods without SEK (closed cirales 3).
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Discussion

Various methods have been investigated for enaldiegtransplantation without
immunosuppressive treatment—including transplamtainto immune privileged sites
[22]-[24]; creation of a bioartificial pancreas [18eduction of islet immunogenicity
[25]-[27]; transplantation of islets plus immunoptgssive cells [28]-[32]; and
treatment with antibodies [33]. While these methbdse shown promise in animal
models, each has proven difficult to use in humans.

In the presently investigated approach, a richscu#arized and immune tolerant
environment was prepared via implantation of aga®BK rods in a subcutaneous site.
In vitro studies of the effects of SEK on human umbilicainvendothelial cells
(HUVECS) conducted preliminary to gain some insigid the mechanisms involved in
the transformation of the tissue environment. Nigte®EK induced HUVECS to release
TGF{1 and vascular endothelial growth factor (VEGFbittte culture medium Figure
15A, B) and promoted HUVEC tube formation in cobaggel (Figure 15C, D). These
effects in the presence of anti-T@Rantibody were also examined. The results showed
that SEK did not directly induce VEGF productiomt lbather stimulated HUVECs to
release TGH1, which in turn stimulated HUVECSs to release VEEGRure 15B). TGF-
Bl can also induce Treg cells [34]. As mentionedvabahe activated TGB1
concentration in the exudate reached a maximumOatlays after agarose-SEK rod
implantation (Figure 15E). These findings suggetttiati SEK stimulates cells, including
HUVECS, to release TGB1, and that the released T@E-plays important roles in the
formation of highly vascularized and immune toleérgranulomatous tissue.

The transplantation of allogeneic islets into &lgicvzascularized space formed in
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subcutaneous tissue by implantation of agarose-bM@Fe previously examined,

showing that these islets could survive and cotificdd glucose levels for over 100 days
[8]. Although bFGF and SEK have different origimsdabiological functions, they both

promoted the same effects, ie, formation of thélyigascularized and immune tolerant
environment, and the long-term survival of allogerislets in this space without any
Immunosuppressive medication.

In the present study, it was tentatively hypothedithat the immune tolerant
environment was primarily initiated and maintaitgcan increased number of Treg cells.
In fact, it was found that the percentage of Treliscamong CD4T cells in the tissue
increased to 24% at 10 days after implantationgaf@se-SEK rods (Figure 6A). At 10
days after implantation, critical suppression of8CD cells were also observed, which
can be involved in graft rejection. The mechanisioh @me-course of maintenance of this
immune tolerant environment should be studied baitleHere graft rejection following
injection of donor-antigen were observed (Figurel¥3, suggesting that maintenance of
immune tolerance involves Treg cell density andvaids. Further studies, such as
investigations of Treg depletion, are required tarify the immune states at the
transplantation site.

Transplantation of quasiislets derived from a pa%eown iPS cells could be a
good method of treating autoimmune type 1 diabepatients. However,
immunosuppressive medications are still requiredsuppress autoimmune reactions
against the patient’s own islets, since autoimmiyyee 1 diabetic patients retain islet
reactive CD4 T cells as memory T cells. The present resultsahestnate a method by
which allogeneic islets, including allogeneic iP&ided islets, could potentially be

tolerated in patients without immunosuppressiveinsuns.
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Clinical and experimental studies of islet trangfdéion have examined various
potential transplantation sites. The site requir@sean be summarized as follows
[35],[36]: must have a rich vascular supply; mustagcessible via a minimally invasive
procedure; and it must be easy to discern thegsédt's function and morphology. In the
present study, agarose-SEK rod implantation letiedormation of an immune tolerant
environment in the subcutaneous tissue, which wasosnded by vascularized
connective tissue. The generated site meets mogheofabove-stated requirements;
however, further studies are needed to determinethen the generated site is truly
appropriate for clinical application. Notably, immalogical reactions to grafts are highly
species-dependent, and skin structure differs letweumans and most animals,
including rats, in terms of the musculus cutanesisch variations could result in
differences in the formation of an immune toleramtironment. It is planned to conduct

further studies of this method in larger animal gisdsuch as pigs and macaque monkeys.
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Chapter 3:
Long-term Subcutaneous Allogeneic Idet Graft Survival in a Mouse

Model Without Immunosuppressive Treatment.

I ntroduction

Transplantation of islets of Langerhans is antii@ddo be a radical treatment for
patients with insulin-dependent diabetes mellittstrently, about 200 transplantations
of islets per year were performed between 20112848 in the world [1]. In most clinical
islet transplantation procedures, islets are tdansgd into the liver by infusion through
the portal vein, and immunosuppressive drugs arerastered for the rest of the patient’s
life to prevent rejection of the islet graft [2]][3slet transplantation into subcutaneous
tissue has been studied as a less invasive wagrispiant islets [4]-[7]. In rat models,
the previous research demonstrated long term fumiat) of allogeneic islets transplanted
into subcutaneous prevascularized pockets prepetiag agarose rods containing bFGF
and heparin even under no immunosuppressive maaidaf. Immunological analyses
of the islet transplantation sites in rats werefgrared to garner insights into the
mechanisms underlying graft acceptance in chap2ettlappeared that regulatory T cells
(Tregs) might play a pivotal role in protecting tiséet graft from rejection. However,
there are not very many commercially availabletaties that can be used to analyze
immunological environment at the long-term accegeaaf allogeneic islets, and it is
difficult to obtain rats that are genetically maedd to study rules of Treg cells in
acceptance of allogeneic islets. Thus, it was aliffi to analyze the engraftment

mechanism in detail in the rat allograft models.
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It is easier to work with mice as experimentalnzels, as there are more
resources, such as relevant antibodies and miteTwdéty-related genetic modifications
[8]. In this chapter, the aim was to reproducepterious results in a mouse model, that
is, to perform an allogeneic mouse islet graft m®ubcutaneous site that could function
long-term even without immunosuppressive treatméatvards this end, islets from

C57BL/6 mice were transplanted into diabetic BALBie.
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Materials and M ethods

Materials

Streptozotocin (STZ), a penicillin-streptomyciniwgadn, Blocking One reagent,
D-(+)-glucose, heparin sodium salt, paraformaldeh{fFA), Tween-20, Triton X-100,
and copper (1) sulfate anhydrous (Cup®@ere purchased from Nacalai Tesuque (Kyoto,
Japan). The hemoglobin assay kit, Tris (hydroxywylgtraminomethane (Tris),
ammonium acetate, and ammonium chloride were psech&tom Wako Pure Chemical
Industries (Osaka, Japan). Phosphate-bufferedes@®BS) was purchased from Nissui
Pharmaceutical Co. Ltd. (Tokyo, Japan). Fetal bewarum (FBS) was obtained from
Equitech-Bio, Inc. (Kerrville, TX, USA).

Collagenase P was obtained from Roche DiagnostichHs (Mannheim,
Germany. Ficol™ PM400 (Ficoll) was obtained from GE Healthcare UWkd.
(Buckingamshire, UK). Conray was purchased fromiddaiSankyo Co. Ltd. (Tokyo,
Japan). Tissue-Tek O.C.T. compound was obtainesh f&akura Finetek USA, Inc.
(Torrance, CA, USA). SeaKem GTG agarose were obthifrom Lonza (Basel,
Switzerland). FIBLAST Spray 500 (bFGF) was purclhaerm Kaken Pharmaceutical
Co, Ltd. (Tokyo, Japan). Hoechst 33258 nucleamsteas purchased from Dojindo
Laboratories (Kumamoto, Japan).

Guinea pig anti-insulin antibody (ab6995) was pasgd from Abcam
(Cambridge, UK). Alexa 488-labeled goat anti-guipég IgG, Alexa 594-labeled goat
anti-guinea pig 1gG, Hanks’ balanced salt solut{tBSS), and RPMI 1640 were
purchased from Life Technologies (Carlsbad, CA, USRAITC-tomato lectin was

obtained from Vector Laboratories, Inc. (Burlingan@A, USA). The glucose sensor
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(GLUCOCARD MyDIA) was purchased from Arkray, In&yoto, Japan).
Animals

A fully mismatched mouse mode was used, 7- to S8kvode male C57BL/6N
(C57BL/6) mice (H-2Kb) as donors and 7- to 8-weék+oale BALB/c mice (H-2Kd) as
recipients for the allogeneic transplantation.alimals were purchased from Japan SLC
Inc. (Hamamatsu, Shizuoka, Japan). All animal expemts were carried out in

accordance with the guidelines of the Kyoto Uniitgr&nimal Care Committee.

Vascularization of subcutaneous tissue in response to the agarose rod with bFGF-
heparin
Arod-shaped agarose scaffold (4-mm in diametem@0in length) was prepared

as described previously [2]. Briefly, a 4.5% (wagarose solution in distilled deionized
water was placed in a polystyrene tube and kept®mo induce gelation. The agarose
gel was then cut into 20-mm rods that were frozet8@°C overnight and then freeze-
dried for 24 hours under reduced pressure. The de@fon (50 ug of bFGF and 25 ug
of heparin in 100 pl of buffer) was applied evetdythe freeze-dried agarose rod. The
agarose gel rods with bFGF-heparin (agarose-bFG@$) were stored overnight at 4°C.
For control experiments, 100 pl of saline witho&@ was applied to a freeze-dried

agarose gel rod and stored overnight at 4°C usél(agarose-saline rods).

Vascularization of subcutaneoustissuein responseto the agarose-bFGF rod
bFGF which is known to be a potent angiogenic factor W#§s employed to

prepare prevasculized pockets. Hepariotects bFGF form denaturation and enzymatic
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degradation and is also potent modulator of bF®;[[l1]. Heparin was also added to a
bFGF solution. A rod-shaped agarose (50074, Lofahm in diameter, 20-mm in
length) which is used as a carrier of bFGF and heparin prapared as described
previously [5]. Briefly, a 4.5% (w/v) agarose sadut in distilled deionized water was
placed in a polystyrene tube and kept on ice taéedyelation. The agarose gel was then
cut into 20-mm rods that were frozen at -30°C oigdrhand then freeze-dried for 24
hours under reduced pressure. The bFGF solutiopgs® bFGF and 25 g of heparin
in 100 pl of buffer) was applied evenly to the realried agarose rod. The agarose rods
with bFGF-heparin were stored overnight at 4°C. €antrol experiments, 100 pl of
saline without bFGF was applied to a freeze-drigarase gel rod and stored overnight
at 4°C until use (agarose-saline rods).

In chapter 1-2, agarose rod with bFGF-heparin ieyganted into two dorsal
subcutaneous tissue sites to induce vascularizgg]oA difficulty, however, was met to
implant agarose rods in 20 mm long into dorsal stdteous tissue of a mouse because
mouse body is smaller than a rat. Two agarosewitisoFGF-heparin (one rod into each
of two sites) were implanted into the subcutandatiissue in the groin of each mouse
to induce vascularization. Four days after implaoteof the agarose rods, diabetes was
induced in recipient BALB/c mice with a single iapreritoneal injection of STZ at a dose
of 160 mg/kg body weight. Mice with blood glucoseéls >400 mg/dl for 2 consecutive
days were considered diabetic. The agarose rodsnesroved 8 days after implantation.
The tissue next to the agarose rod with bFGF-hepass harvested for histological
analysis. To measure the level of vascularizatiemisgjuantitatively, the amount of
hemoglobin in the subcutaneous tissue facing tlaeoasg rod with bFGF-heparin was

determined as described previously [7]. Brieflye tharvested tissue was minced and
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incubated for 48 h at 4°C in 10 ml of Gay’s solati®.75% NHCI in 17 mM Tris-HCI
buffer solution, pH 7.6) with gentle periodic agiida to extract the hemoglobin. The

amount of hemoglobin was determined using a henbaglassay Kit.

I slet isolation

Islets were isolated from donor C57BL/6 mice by twlagenase digestion
method. Briefly, the pancreas was inflated witholagenase solution (0.15 mg/ml in
HBSS) that was injected through the portal veirdlected from the mouse, and then
digested for 18 min at 37°C in a collagenase smiutislets were isolated from the
digested pancreas by the Ficoll/Conray densityigragburification method and cultured
for 2 days in RPMI 1640 supplemented with 10% FBE) units/ml penicillin, and 100

ug/ml streptomycin before transplantation.

Ilet transplantation

When the rods were removed 8 days after implamatib0 islets were
transplanted into each of the two pre-vascularmsikets in the groin. The wounds were
closed by suturing. For control experiments, 150El1536 islets were transplanted into
each of the two sites in the groins of STZ-BALB/enthat were treated with agarose-
saline rods, and into STZ-mice that did not havarese rods implanted. None of the
recipient mice received immunosuppressive drugsinguithe experiments. For
determination of the non-fasting blood glucose IeMalood samples were collected from
the tail veins of the recipients every day for finst 2 weeks after islet transplantation
and 2 or 3 times a week thereafter. Glucose |levete determined using a glucose sensor.

Graft rejection was defined as when two consecubil@d glucose measurements
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exceeded 250 mg/dL.

Intraperitoneal glucosetolerancetest (IPGTT)

IPGTTs were used to evaluate islet graft functiorecipient BALB/c mice 100—
120 days after islet transplantation. Non-diabetice and STZ-mice without islet grafts
were used as controls. After 16 hours of fastihg, mice received a glucose solution
intraperitoneally (1 g glucose/kg body weight). @llosamples were collected 0, 15, 30,
60, 90, and 120 min after glucose loading, andglheose concentration of the blood

samples was determined by GLUCOCARD MyDIA.

Histological study of idet grafts

Subcutaneous tissues containing the islet grafte wellected 8 days after the
agarose rod implantation, fixed in 4% paraformaldeh{PFA) in Phosphate-buffered
saline (PBS), and embedded in paraffin or O.C.Tpmumd. Thin (4-um) tissue sections
were prepared using standard methods [5]. Themsectvere stained using hematoxylin
and eosin (H&E). Immunofluorescent staining wasfqremed using an anti-insulin
antibody. Briefly, the sections were permeabilizgth 0.2% Triton X-100 solution in
PBS at room temperature for 15 min. The sample® wen incubated with Blocking
One reagent for 1 hour to block non-specific stagnifollowed by washing with PBS.
The sections were treated with a solution of palgal guinea pig anti-insulin antibody
(1:200) in Blocking One reagent for 1 hour at ro@mperature. The sections were then
incubated with fluorescently-labeled secondaryteaty, namely Alexa 488-labeled goat
anti-guinea pig 1gG (1:500) or Alexa 594-labelecaganti-guinea pig IgG (1:500) in

Blocking One reagent at room temperature for 1.hthis was followed by washing with
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PBS containing 0.05% Tween-20. The cell nuclei emsterstained with Hoechst 33258.
Finally, the sections were treated with 1 mM CuS@plution in 50 mM ammonium
acetate (pH 5.0) for 1 hour at room temperaturestiuce autofluorescence [12]. The
images of H&E and immunofluorescent staining wetleeh with a BX51 microscope

equipped with a DP72 CCD camera.

Intravenousinfusion of FITC-lectin solution to visualize the functional vasculature
intheidet grafts

Endothelial cells in an islet graft were stained B C-tomato lectinto see
connection between recipient’s and the islet gbidibd vessels. FITC-tomato lectin
solution (200ug in 200uL of saline containing 200 IU heparin) was infuskeugh the
inferior vena cava of recipient mice 43 days aftansplantation. After 15 min of
circulation, the subcutaneous tissue with the iglefft was dissected, washed briefly
twice with saline solution, fixed with 4% PFA in BBembedded in O.C.T. compound,
and snap-frozen in liquid nitrogen. Thin |(#k) tissue sections were prepared.
Immunofluorescent staining of the thin sectionghaf tissue with the islet grafts was

performed to visualize insulin as described above.

Statistical analysis
Comparisons among 3 groups were performed usingwayeanalysis of variance
(ANOVA) with Tukey-Kramer post hoc test.RAvalue <0.05 was considered statistically

significant.
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Results

Pre-vascularization of BAL B/c subcutaneoustissue by implantation of agaroserods

with bFGF-heparin

Fig. 1A schematically shows the methods used @tergubcutaneous pockets that
were surrounded by highly vascularized granulomat@msue and to transplant the islets
after removing the agarose rod. The subcutanesssetiof a diabetic BALB/c mouse
induced by the injection of streptozotocin (STZJZs BALB/c mouse) usually shows a
low level of vascularization (Fig. 1B-1 and B-2nplantation of agarose-saline rods did
not seem to increase vascularization (Fig.1C-1G@u2]. In contrast, implantation of the
agarose rod with bFGF-heparin, which contained®0f bFGF and 2hg of heparin per
rod, for 8 days resulted in the formation of highdyscularized granulomatous tissue
adjacent to the agarose rods with bFGF-heparin (ldgl and D-2). The agarose rods
with bFGF-heparin were removed easily without téssadhesion, resulting in
subcutaneous pockets that were surrounded by higisiyularized tissue (bFGF-heparin
spaces). The hemoglobin content of the tissue wesrmined in order to semi-
quantitatively evaluate blood vessel induction. Wiagarose rods with bFGF-heparin
were implanted, the hemoglobin content of the gssignificantly increased from 0.432

+ 0.222 mg/rod in untreated tissue to 1.70 + 0.6dfrod in treated tissue (Fig.1E).
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Figure 1. Prevascularization in subcutaneous tissue in response to the implantation
of agarose rods containing basic fibroblast growth factor (bFGF)-heparin. (A)
Schematic drawing of the method used to inducddimeation of a subcutaneous s
surrounded by highly vascularized granulomatousués The islets wergansplante
after removing the agarose rods. (B-1) Macroscopege and (B2) H&E staining o
subcutaneous tissue of an untreated diabetic BAbBJase. (Ct) Macroscopic imag
and (C-2) H&E staining of subcutaneous tissue &adter implantation of aagaros
rod with saline. (D-1) Macroscopic image andZPH&E staining of subcutaneous tis

8 days after implantation of an agarose rod witBfeparin. Scale bars: 10dn. (E
Amount of hemoglobin in the subcutaneous tissuay® after implantationf an agaros
rod with bFGF-heparin (n=7), with saline (n=6), andintreated diabetic BALB/c mice
(n=6). Data are reported as means = SDs. Statisinzdysis was performed using one-
way ANOVA with Tukey-Kramer post hoc test (p < 0009 one-way ANOVAbetweel
the 3 groups, *; p = 0.0010, **; p = 0.0003).
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Normalization of blood glucose levels in STZ-BAL B/c mice by transplantation of

C57BL/6 idlets

Table 1 summarizes the graft survival periods &editansplantation conditions,

such the donor and recipient mice combinationsntimaber of transplanted islets, and

the agarose rod implantation time. BALB/c mice (Kd2 were used as donors and

C57BL/6 mice (H-2Kb) as recipients as a model offuly MHC-mismatched

donor/recipient combination. Pre-vascularized ptgiere prepared on both sides of the

groin of BALB/c mice by implanting agarose-bFGF sd@ne per site) for 8 days. Four

days after implantation, diabetes was induceddiggle injection of STZ (STZ-BALB/c).

After removal of the agarose rods, a suspensidib0fC57BL/6 islets was infused into

each bFGF-heparin space for a total of 300 islets €ach recipient mouse. No

iImmunosuppressive medications were given to the-BAEZB/c mice before or after

transplantation.

Table 1. Transplantation conditions and islet graft survival.

o The days of ] Mean survival
Donor | Recipient Number ) ) Normoglycemia, )
) ) ) implantation| bFGF| heparin| n time
mice mice |ofislets ) days/ mouse
devices (means £ SDs)
8, 14, 100, 100
C57BL/6| BALB/c | 300 8 +) (+) 10| 100, 100, 100, 82.2+37.6
100, 100, 100
C57BL/6| BALB/c | 300 ) ) 5 0,0,0,3,4 14+£19
C57BL/6| BALB/c | 300 ) ) 5 0,0,0,0,0 0.0

The blood glucose levels of the 10 recipient miegeshown in Figure 2A. Of the

10 recipient mice, 2 rejected the grafts within @&fys after transplantation. Of the

remaining 8 recipient mice, all showed normoglycerfor over 100 days after islet
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transplantation, although the blood glucose lewél8 of the 10 recipient mice showed
transient high glucose levels on 20 to 40 daysolntrast, when islets were transplanted
into subcutaneous tissue 8 days after the implantaf agarose-saline rods, none of the
5 recipient mice demonstrated long-term normoglyieeffiigure 2B). Similarly, when

islets were transplanted into subcutaneous tisstrowt pre-treatment, none of the 5

recipient mice demonstrated long-term normoglyce(fiigure 2C).

Assessment of graft function > 100 days after transplantation

IPGTTs were performed 100-120 days post-transglant@Fig. 2D). The area
under the curve (AUC) was 1.81 +0.34 ¥ in mg/dL for non-diabetic normal BALB/c
mice, 2.09 + 0.72 x POmin mg/dL for the mice with islet grafts in thebsutaneous
spaces formed using agarose rods with bFGF-hearth5.77 + 0.24 x £min mg/dL
for diabetic mice without islet grafts. No diffex@was seen in the AUC values between
the mice with islet grafts and the non-diabetic Bt mice, while significant difference
was observed in the mice with and without isletftigp < 0.0001; one-way ANOVA
between the 3 groupp,= 0.67; non-diabetic BALB/c mice versus the micghwslet
grafts,p < 0.0001 the mice with versus without islet grafithese results suggest that
islet grafts in a subcutaneous site can contraddigiucose levels as well as in healthy

mice.

Histological examination of islet graftslong after transplantation
An islet graft was retrieved from each mouse fatdiogical examination 120
days post-transplantation. H&E staining of the théttions is shown in Fig. 3A and B.

The islets were clearly visible. Several blood e¢éssontaining many erythrocytes were
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seen in the islet grafts (Fig. 3B). When immunoifeszent staining was performed using
anti-insulin antibodies, insulin-positive cells weailearly observed in the slices (Fig. 3C).
To assess the connection of vessels in the istafssggo the vascular system of the
recipient mice at early transplantation days, wggomed intravenous infusion of a
FITC-lectin solution 43 days after transplantatidessels within the islet grafts were
stained green by FITC-lectin (Fig. 3D). It indicatdat blood flows into the islet grafts
through the vessels. Vessels in the islet graftsevadready connected to the vascular

system of the recipient mice at 43 days after plamation.

v



Chapter 3

>

Blood glucose
(mg x dL-")
w
o
o

0 20 40 60 80 100
Days after transplantation

@)

Blood glucose
(mg x dL-")
w
o
o

RN
o
o

O L Il L Il L Il L Il L |
0 20 40 60 80 100
Days after transplantation

vy)
o O
o o O O

Blood glucose
(mg x dL-")

= N W
o

o

0

0 20 40 60 80 100
Days after transplantation

O

600 r

Blood glucose
(mg x dL1)

0O 30 60

90 120

Time after injection (min)

Figure 2. Transplantation of C57BL/6 idets into diabetic BALB/c mice. The bloox
glucose levels of STBALB/c mice after transplantation of 300 C57BL/ets/mous
into the subcutaneous spaces formed by implantaticagarose rods with (A) bFGF-
heparin (n = 10) or (B) saline (n=5). (C) 300 isletere transplanted into untree
subcutaneous sites (n=5). (D) The intraperitondatage tolerance test (IPGTT) v
performed i non-diabetic BALB/c mice (triangles, n=4), in naieint mice 100—12 day:
after the transplantation of 300 allogeneic is(etecles, n=3) and in diabetic BALE

mice (square, n=4).
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Figure 3. Histological analysis of idet allografts in mice after long-term
transplantation. Subcutaneous tissue containing allogeneic islessretaieved 120 da
after transplantation. (A, B) HR& staining and (C) immunofluorescent staining stiim
(green), and nuclei (blue). (D) The tissue contajrallogeneic islets was retrieved
days after transplantation, and FIT&Ztin solution was infused intravenously to exag
the functional vasdature in islet grafts. Immunofluorescent stainwifginsulin (red)
FITC-lectin (green), and nuculei (blue). Scale bagdum.
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Discussion

In recent years, others have also used this daugpient mouse combination to
study allogeneic islet transplantation. Cantawlal. reported that the median time to
graft rejection was 8 + 3.3 days for transplantatiato the liver and 6 + 0.5 days for
transplantation into the bone marrow in the absefigemmunosuppression [13]. When
the recipient mice were treated with tacrolimus {686) and mycophenolate mofetil
from day -1 to 14 every day, the median time tdtgejection was prolonged to 12 =+ 3
days for transplantation into the liver and 8 + @a¥s for transplantation into the bone
marrow, respectively. They, however, could not ectilong-term islet graft survival after
immunosuppressive treatment stopped. Hsu et a. wed this donor and recipient
combination [14] and reported that the normoglyaeperiod was 10.8 £ 1.2 days for
mice who were transplanted with 300 islets underrédmnal capsule and 18.9 + 5.3 days
for mice who were transplanted with 900 islets sudnceously. Long-term islet graft
survivals were achieved in both renal subcapsuidrsaibcutaneous transplantation by
full donor bone marrow chimerism. Khosravi-Mahadooet al. reported that
intraperitoneal injection of indoleamine 2,3-dioey@se-expressing fibroblasts, termed
IDO-fibroblasts, prolong graft survival period [15[ndeed, 2 of 5 recipient mice
demonstrated long-term graft survival of more tHA® days. In these experiments,
allogeneic islet grafts between donor C57BL/6 nmacel recipient STZ-BALB/c mice
combination are rejected by the host when theirumesystems are not modified. These
facts indicate that the C57BL/6 donor and STZ-BAtBEcipient combination is
appropriate for examining whether a method is blétéor prolonging allogeneic islet

graft survival. In the studies by Hsu et al. and&favi-Maharlooei et al., long-term graft
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survival of more than 100 days were reported. Altjfotheir methods are interesting,
bone marrow chimerism or injection of geneticallpdified cells is not practical for

human recipients of islet transplantation. In congma, the method, that is, islet
transplantation into a subcutaneous pocket whicprépared by implantation of an
agarose rod with bFGF-heparin, is surgically andhimologically minimum invasive.

In this study, donor C57BL/6 mice and recipient SB&LB/c mice were
employed and it was demonstrated that allogendatsigransplanted into highly
vascularized granulomatous tissue can survive |degm even under no
immunosuppressive therapy. In the chapter 1-2 wsira§ model and this chapter using a
mouse model, it was demonstrated that allogendgtsishat were transplanted into
subcutaneous sites could function for more than #@9s without the use of
immunosuppressive drugs. No conspicuously diffezemas seen in rat and mouse
models. Mouse models are better suited for detaiveaunological analysis of allogeneic
islet graft acceptance in subcutaneous tissue, lyndue to the greater commercial
availability of antibodies that can be used for inmophenotyping mouse cells. There are
also BALB/c mice that express the human diphthéman receptor-enhanced green
fluorescent protein (DTR-eGFP) under the controltted Foxp3 promoter, which is
required for the development and the function o#gr[8],[16]. Use of anti-CD25
antibodies, anti-CTLA-4 antibodies, and DEREG ([2¢iph of Tregs) BALB/c mice will
be helpful for investigating the mechanisms undegyhe acceptance of allogeneic islet

grafts in subcutaneous sites in greater detalil.
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Chapter 4

Chapter 4:
Bioabsorbable Device to Prepare Subcutaneous Pockets for Idlet
Transplantation.

I ntroduction

Transplantation of islets of Langerhans is expetbelbe a fundamental therapy
for insulin-dependent diabetes mellitus. Approxietat300 islet transplantations are
performed annually worldwide, but it is not yet epted as a general treatment. In order
to promote islet transplant as a general treatntiemete problems must be solved: securing
a sufficient number of islets, avoiding the usamimmunosuppressive agent with strong
side effects, and a minimally invasive method détigransplantation needs to be
established. In recent years, methods of isle¢ifftiation from induced pluripotent stem
(iPS)/embryonic stem (ES) cells have been repdryeskveral groups [1],[2], addressing
islet shortage. In addition, a method of transphagnislets under the skin was established
and maintaining their functions for a long periddime, even without the use of immune
suppressive agents [3]. It is thought that the rem@ two problems could be solved by
extending the previous chapters.

In order to apply this method to human patientsbf@ms related to device safety
must be solved. In this chapter, it was attemptedidvelop a device for creating a
transplantation site using materials that guarasséety. Gelatin sheets conventionally
used as adhesion prevention materials and sodiumuiopate, which is used as a
viscosupplement for injections into the knee, aeduas a material for device fabrication.
In the previous chapters, it was necessary toheuskin two times, at the time the device

was implanted and at the time of removing it taateean islet transplantation site. As the
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new device was made using only bioabsorbable nadgert is not necessary to remove
the device, and only one skin incision is requitedransplant a device, which it is

expected to reduce surgical invasion.
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Materials and M ethods

Materials

FIBLAST Spray 500 (bFGF) and ARTZ 25 mg (1% sodiwyaluronate solution)
were purchased from Kaken Pharmaceutical Co.,(Itkyo, Japan). Collagenase P and
the gelatin sheet (Gelfilm) were purchased fromtRoDiagnostics GmbH (Mannheim,
Germany) and Pfizer, Inc. (Tokyo, Japan), respeltivStreptozotocin, the penicillin-
streptomycin mixed solution, Tween-20, Triton X-1@dd Blocking One reagent were
purchased from Nacalai Tesuque (Kyoto, Japan). hk&ie83258 nuclear stain was
purchased from Dojindo Laboratories (Kumamoto, agapgetal bovine serum (FBS)
from Equitech-Bio, Inc. (Kerrville, TX), phosphabeHfered saline (PBS) from Nissui
Pharmaceutical Co., Ltd. (Tokyo, Japan), and A#8@&labeled goat anti-guinea pig 1gG,
Hank’s balanced salt solution (HBSS), and RPMI 1&#re purchased from Life
Technologies (Carlsbad, CA).

Guinea pig anti-insulin polyclonal antibody (ab734&s obtained from Abcam
(Cambridge, UK) and enzyme-linked immunosorbentyaq&LISA) kits for the rat
insulin assay were purchased from Shibayagi Cal, (Gunma, Japan). The formalin
solution and hemoglobin assay kit were purchasaa #Wako Pure Chemical Industries
(Osaka, Japan). The glucose sensor (GLUCOCARD Myi#s purchased from Arkray,

Inc. (Kyoto, Japan).

Animals

Seven to 9-week-old male Fisher 344 rats (F344dNBST-1'1) and 8 to 15-week-old

male ACI/NSiIc rats (RT®) were used as a model of a fully MHC-incompatitienor
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recipient combination. All animals were purchasemf Japan SLC, Inc. (Hamamatsu,
Shizuoka, Japan). All animal experiments were paréal following the guidelines of the

Kyoto University Animal Care Committee.

Islet Transplantation
Islets were isolated from donor F344 rats usingctiilagenase digestion method

[4]. Briefly, the pancreas was inflated by injegti® mL collagenase solution (0.5 mg/mL
in HBSS), and then harvested and digested &tC37slets were collected by the

Ficoll/Conray density gradient method and cultui@d? days in RPMI 1640 with 10%
FBS before transplantation.

Diabetes was induced in ACI rats by a single irdrapneal injection of STZ at a
dose of 60 mg/kg body weight. After STZ injectitwp gelatin sheets (width, 10 mm;
length, 25 mm; thickness, 0.12 £ 0.0023 mm) werplamted into each of two dorsal
subcutaneous sites in STZ-induced diabetic ACI (@i1&Z-ACI rats) as a spacer, and a
viscous sodium hyaluronate-bFGF mixture (50 pg bBGlEtion in 50 pL buffer) was
injected into the area surrounding the gelatin sh@eig. 1A). The gelatin sheets and
surrounding tissue were retrieved 7, 37, or 67 ddier gelatin sheet implantation to
examine the induction of blood vessels and the datine gelatin sheets. Gelatin sheet
harvested from subcutaneous sites was washed vIbW,DOreeze-dried for 24 hours
under reduced pressure, and weighed.

A total of 1500 isolated islets were transplantacb@nd the gelatin sheet) into
each of the two pre-vascularized dorsal pocketisarSTZ-ACI rats 7 days after injection
of a sodium hyaluronate-bFGF mixture. None of thecipients received

immunosuppressive drugs before or after islet pamsation. Blood samples were
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collected from the recipients’ tail veins, and rfasting blood glucose levels were
determined using a glucose sensor. Graft rejegtemdefined as two consecutive blood
glucose measurements > 250 mg/dL. The day of teerfieasurement was considered

the day of rejection.

Plasma Insulin analysisand IPGTTs

Blood was collected from recipients to determirgspia insulin levels 30-40 and
60-90 days after islet transplantation. Blood s&splere also collected from normal and
STZ-ACI rats without islet grafts as controls. Ph&s insulin concentrations were
determined using ELISA kits for rat insulin. Allddd samples were kept on ice and
centrifuged at 4000 rpm for 15 min at 4°C. Plasna wollected and stored at —80°C
until determination of the plasma insulin concetndraby ELISA.

Recipient rats also underwent an intraperitoneatage tolerance test (IPGTT)
50-55 days and 100-120 days after islet transgiantaAfter 16 hours of fasting, the
rats were intraperitoneally administered a glucasdetion (1 g glucose/kg body weight).
Blood samples were collected 0, 15, 30, 60, 90, min after glucose loading and

glucose levels determined using a glucose sensor.

Histological examination of islet grafts

On predetermined days, subcutaneous tissues cmgidime islet grafts were
collected and fixed in 4% paraformaldehyde (PFAPBS. Thin 4-um tissue sections
were prepared using standard methods and stainbdrbgitoxylin and eosin (H&E) or
for insulin immunofluorescence [5]. Briefly, for munofluorescent staining, the sections

were permeabilized with 0.2% Triton X-100 solution PBS for 15 min at room
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temperature. The samples were then incubated vidttkBig One reagent for 1 hour to
block non-specific staining and washed with PBSseguently, the sections were treated
with a polyclonal guinea pig anti-insulin antiboy200) in Blocking One reagent for 1
hour at room temperature, followed by a 1-hour bation at room temperature with
Alexa 488-labeled goat anti-guinea pig 1gG (1:5@®)Blocking One reagent. The
sections were then washed with PBS containing 0.0%%6en-20 and cell nuclei
counterstained with Hoechst 33258. Finally, theisas were treated with 1 mM Cu%O
solution in 50 mM ammonium acetate (pH 5.0) forolihat room temperature to reduce

autofluorescence [6].

Statistical Analysis
The Student’s t-test was used for between-grouppaoisons. The log-rank test
was used to compare graft survival between expeatamhend control groups. P <0.05

was considered significant.
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Results

Whereas vascularized tissue surrounded the gslatiet 7 days after implantation
(Figure 1B, C), few vessels were observed in uteceakin tissue in STZ-ACI rats
(Figure. 1D, E). No tissue adhesion to the gelstimets was observed. The gelatin sheets
gradually degraded under the skin during implaatatiThe weight of the gelatin sheets
decreased from 0.049 + 0.0033 g to 0.027 = 0.0034gys after implantation (Figure
2A). Smaller fragments of gelation sheet were foéndays after implantation compared
to 37 days (Figure 2A, B, and C).

F344 rats (RT-'1!) and ACI rats (RT3 were used as a model of a donor-recipient
combination. Blood glucose levels in four recipgentere normalized 1 week after islet
transplantation, whereas six recipients took apprately 2 weeks to achieve fully
normalized blood glucose levels. This may be ddevoquality islets or a slow vascular
connection between the islet graft and recipielight of 10 recipients demonstrated
normoglycemia > 100 days after islet transplantatidne recipient was sacrificed on day
90 for histological analysis (Figure 3A). In corgirawhen islets were transplanted into
untreated subcutaneous sites of STZ-ACl rats, naipients demonstrated
normoglycemia (Figure 3B). In these recipients,iset grafts may have been destroyed
by hypoxia [7]-[9]. Kaplan-Meier plots of graft siwal over time are shown in Figure

3C.
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Figure 1. Preparation of a subcutaneous islet transplantation site. (A) Schemati
drawing of the method used to induce a subcutanpouaket surrounded by hig!
vascularized tissue (bFQ#eckets) and islet transplantation, (B) Macroscamiage o
the subcutaneousste 7 days after implantation of a gelatin sheetsodium hyalurona
+ bFGF. (C) H&E staining of subcutaneous tissue/gseularized by implantation o
gelatin sheet and sodium hyaluronate + bFGF faaysd(D) Macroscopic image of f
untreated subcutaneous site in a SV rat. (E) H&E staining of the untreat
subcutaneous site in a STZ-ACI rat. Yellow arrowdeemdicate the vasculatur8cale
bars: 10Qum.
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Figure 2. Gelatin sheets after implantation at subcutaneous site of STZ-ACI rats..

(A) The weights of remaining gelatin sheets reggkvthe indicated days after
implantation (n=3). *P < 0.001 (B) Remains of theagin sheet at 37 and 67 day
after implantation of a gelatin sheet and sodiuralimpnate + bFGF. Yellow arro
indicate gelatin sheet fragments. Scale barsub®0

The function of islet grafts in recipients was @werized by plasma insulin levels
and IPGTTs (Figure 3A-C). The mean plasma ins@rel in recipients was 0.48 £ 0.11
ng/mL 30-40 days after transplantation and 0.69.#50ng/mL 60-90 days after
transplantation (Figure 4A). The mean plasma insigvel was 0.85 + 0.25 ng/mL in
normal ACI rats and 0.21 £+ 0.12 ng/mL in STZ-ACkstaThirty to 40 days after
transplantation, the plasma insulin levels in STZAecipients were approximately half
that of normal ACI rats. During following severant days, the plasma insulin levels
increased and no significant difference was obskirvéhe plasma insulin levels between
STZ-ACI recipients and normal ACI rats (Figure 4[PGTTs were performed in normal
rats, STZ-ACI rats, and STZ-ACI recipients 50-559and 100-120 days post-

transplantation (Figure 4B). The areas under tmeec(AUCSs) for the IPGTT data did
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not differ significantly between normal rats anccipgent rats with islets in the
vascularized pockets (Figure 4C).

All STZ-ACI recipients had two grafts, one eachtla left and right dorsal sides.
The right islet graft was retrieved 30 days aftansplantation and the left graft 60 days
after transplantation for histochemical analysige Tslet graft was clearly visible with
H&E staining (Figure 5A, C), and insulin-positiveelis were clearly observed by
immunofluorescence (Figure 5B, D). Islet grafts eveurrounded with the connective
tissue. Few lymphocytes were observed around diratéd islet grafts. Thus, the islet
grafts were protected from attack by the host imensgstem in the subcutaneous
vascularized pocket, allowing it to survive undee skin for a long time without any
immunosuppression. The STZ-ACI rats with stable 4~3dlet grafts received an
intraperitoneal injection of F344 rat splenocytd§ Hays after transplantation, which

tended to increase blood glucose levels a few @ags (Figure 5E).
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Figure 3. Normalization of blood glucose levels by transplantation of idets into
subcutaneous bFGF-pockets of STZ-ACI rats without immunosuppressive drug
treatment before or after islet transplantation. (A) Blood glucose levels in STACI
rats after transplantation of 1500 F344 islets adoh of two bFGF-pockets (n=10). (B)
Blood glucose levels in STZ-ACI rats after transpddion of 1500 F344 islets intact

of two dorsal untreated subcutaneous sites (n€E3Képlan-Meier plots of graft survival
for ACI recipients. The solid line indicates islétansplanted into subcutaneous bFGF-
pockets of ST-ACI rats. Closed circle indicates the sacrificeaofat on day 9@or
histological analyses.hE dotted line islets transplanted into untreatdtstaneous sit

in STZ-ACI rats. *P = 0.0003.
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Figure 4. Functions of idet grafts. (A) Plasma insulin levels in normal ACI rats (n:
STZ-ACI rats (n=3), and STZ-ACI rats with 3000 F34#ets transplanted into bFGF-
pocket: ~30-40 days (n=6) and ~60-90 days (n=6) aftersptamtation. (B)The
intraperitoneal glucose tolerance tests (IPGTTsewenducted in normal ACI rats (of
squares, n=3), STZ-ACI rats (closed circles, n=a8)d STZACI rats with 3000 F34
islets in bFGF-spaces ~50-55 days (open triangke3) or ~100120 days (open circle
n=3) after islet transplantation. (C) Areas undhercurves (AUCsfor the IPGTTs. Da
are presented as the mean = SD. *P < 0.05, *R%.0.
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Figure 5. Morphologies of idet grafts and rejection of established subcutaneous
allogeneic idet grafts caused by infusing splenocytes from islet donors into the
peritoneal cavitiesof recipient rats. (A) H&E staining of islet graft retrieved from STZ
ACI rats 30 days after transplantation. (B) Immumofescent staining of insulin (green)
in an islet graft retrieved from STZ-ACI rats 30ydaafter transplantatiof{C) H&E
staining of F344 islets retrieved from STZ-ACI r&@8 days after transplantation. (D)
Immunofluorescent staining of insulin (green) inialet graft retrieved 60 days af
transplantation. Scale bars = 100 um. (E) Bloocage levels before and after’10
splenocytes from donor rats (F344) were injecterb{es) into the corresponding STZ-
ACI recipient rats 117 days after transplantation2).
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Discussion

A way to transplant islets have been studied tltaieres minimum surgical
invasion and prevents rejection of the islet grafithout using an immunosuppressant.
In diabetic rodent allogeneic transplantation medalsubcutaneous pocket surrounded
by vascular-rich tissue has been created by embgdudi agarose gel carrying bFGF in
chapter 1 or cyclic peptide SEK-1005 in chapteucsitaneously. Allogeneic islets are
then transplanted into the pocket and have beewrsho survive without rejection or
treatment with immunosuppressive agent. Thesesist@imalize the blood glucose levels
over a long period of time. However, there aré stdny problems that need to be solved
for this method to be applicable in human patients.

Agarose is a polysaccharide isolated from seaweddhas traditionally been used
as an edible. Therefore, toxicity is not expectetd a problem, but it has not yet been
applied in human patients as a material for imglaon into the body. In addition, agarose
is not degraded and absorbed in the body, which désadvantage, as it needs to be
removed from the body when it is no longer neediedhis chapter, a bFGF-carrying
device without these drawbacks was developed.

The desired property of a bFGF-carrier complekésgrevention of bFGF flowing
off in a short period of time when the bFGF-cardemplex is placed under the skin. It
remains where it is placed for several days andugily releases bFGF. Subcutaneous
pockets surrounded by vascular-rich tissue intoctvhislets can be transplanted are
desirable, and the materials used to make theecafpuld be absorbed and eliminated
in the body. The gelatin sheet used in this chapésrused to prevent tissue adhesion and

could be expected to form a subcutaneous pocketsdtiium hyaluronate-bFGF mixture
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has been used to accelerate the formation of hlesskls and repair of tissues in the body
[10]. By combining these two, a subcutaneous tségtsplant site could be created. The
sodium hyaluronate-bFGF mixture + gelatin sheea idevice that meets the above
requirements.

When allogeneic pancreatic islets are transplaimiedthe subcutaneous pocket
prepared by the sodium hyaluronate-bFGF mixturelato sheet in diabetic rats, they
are engrafted long-term without being rejectedmadizing the blood glucose levels. The
results are almost equivalent to those of bFGFesgain chapter 1. When agarose was
used, it was necessary to surgically remove thaoagarod at the time of islet
transplantation. However, in the case of gelategess) removal is not necessary because
it is absorbed in vivo and a suspension of panicréeséts injected.

Though a subcutaneous site is a promising site istet transplantation
[8],[11],[12], further studies are needed to deieemwhether the generated site is
appropriate for clinical application. Notably, immalogical reactions to grafts are highly
species-dependent and skin structure differs betveenans and most animals. Thus,
islet transplantation using larger animal modalghsas pigs and macaque monkeys, is

needed in future studies.
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Chapter 1

Allogeneic islet transplantations were performedhwiwo donor-recipient
combinations. One combination was F344 rat dori®fsll'*) and ACI rat recipients (RT-
1% low responders); the other combination was Wistedonors and Lewis rat recipients
(RT-1', high responders).

Allogeneic islets were transplanted into subcutasespaces surrounded by
highly vascularized granulomatous tissue. Theseespavere formed by implanting
agarose rods carrying basic fibroblast growth fa¢td-GF; 50ug bFGF/rod) into
streptozotocin-induced diabetic rats for 7 days.iNmunosuppressive medication was
given before or after islet transplantation. Intbalonor-recipient combinations, the
allogeneic islet grafts showed long-term survivdl{0 days) in all recipients, evidenced
by normalized non-fasting blood glucose levels.

The mechanisms underlying graft acceptance werestigated with flow
cytometry and gene expression analyses. The aghFSSE rod caused formation of
granulomatous tissue that contained regulatory req)T cells. Treg cells suppressed
immune reactions against the allogeneic islet grafhese results indicated that this
method of creating a pre-vascularized subcutangoarse with an agarose-bFGF rod may
be useful for achieving successful allogeneic islahsplantation without a need for

immunosuppression.

Chapter 2

There exists a need for a minimally invasive metlddslet transplantation
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without immunosuppressive drugs for the treatményme 1 diabetes. In diabetic ACI
rats, an agarose rod containing the cyclic oligtipedSEK-1005 (agarose-SEK rod) was
implanted at two dorsal subcutaneous sites. Thesetods were removed, and 1500
islets isolated from F344 rats were transplantéa @éach of the pockets.

Ten days after implantation of agarose-SEK rodscwkarized pockets were
present. Non-fasting blood glucose levels confirtead-term survival of the allogeneic
islet grafts, without immunosuppressive therapy of 10 recipients.

Flow cytometry and gene expression analyses weferped to investigate the
mechanisms underlying graft acceptance. Agarose-&kKimplantation led to the
formation of granulomatous tissue containing regguiaT cells that suppressed immune
reactions against the allogeneic islet grafts.

These results indicate that the use of an agarBgef8d to pre-vascularize a
subcutaneous site may be a useful method for aalgiesuccessful allogeneic islet

transplantation without immunosuppression.

Chapter 3

A great deal of effort has been devoted to devalppiminimally invasive method
for transplanting islets of Langerhans and to naanmg the islet grafts for a long period
without immunosuppressive medication in order ¢éatitype 1 diabetes.

An agarose rod containing basic fibroblast grovabtdr (bFGF) and heparin
(bFGF-heparin) was implanted for 8 days into twbcsttaneous sites in the groins of
BALB/c mice to establish subcutaneous pockets. &mdwas induced in the BALB/c
mice by injecting streptozotocin 4 days after inmpdaion. After the rods were removed,

150 islets that were isolated from C57BL/6 miceevieansplanted into each of the two
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pockets, total 300 islets/mouse.

Implantation of the agarose rods with bFGF-hep&oimn8 days resulted in the
formation of pockets that were surrounded by higlgcularized granulomatous tissue.
Transplantation of C57BL/6 islets into the pocketsmalized the blood glucose levels
of diabetic BALB/c mice, and 8 of 10 recipient midemonstrated >100 days of
normoglycemia without immunosuppressive treatm@ftile, blood glucose levels of
diabetic BALB/c mice in the control group, in whiggarose rods without bFGF or
heparin were used to prepare subcutaneous pocketsg, transiently decreased by
transplantation of C57BL/6 islets and reverted t@ro500 mg/dl during 20 days
observation.

In conclusion, the method to realize long term fioming of allogeneic islet
grafts in the mouse model without immunosuppressi@ment were established. The
author obtained a means, the mouse model, to andhg immune phenomena in

acceptance allogeneic islet graft in subcutaneibels s

Chapter 4

Small invasive transplantation of islets and longintenance of the islet graft
without immunosuppression has been studied forttbatment of type 1 diabetes.
Clinically, subcutaneous pockets surrounding vasetth tissue are prepared for islet
transplantation using a device made of the material

Here, gelatin sheets were implanted into two dashtutaneous sites in diabetic
ACI rats, and a mixture of bFGF and sodium hyalatersolution was injected onto the

gelatin sheets.
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A total of 1500 islets isolated from F344 rats weemsplanted into each of the
pockets 7 days after injection of the bFGF mixtiMene of 10 diabetic ACI rats with
allogeneic islet graft demonstrated long-term nagly@emia without administration of
immunosuppressant. Gelatin sheets almost disappé@rdays after implantation.

Thus, subcutaneous immune-tolerant sites can hEame using gelatin sheets
and a sodium hyaluronate-bFGF mixture. Allogengliets transplanted into the sites can
survive and control blood glucose levels for a lopgriod, even without

immunosuppression.
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