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Islet Purification for Clinical Islet Transplantation

Hirofumi Noguchi*

Department of Surgery, Chiba-East National Hospital, National Hospital Organization, Chiba 260-8712, Japan

Abstract: In clinical islet transplantation, islet purification reduces the amount of tissues to be transplanted by removing
the acinar tissue, therefore minimizing the risks associated with intraportal infusion. On the other hand, the purification
procedure may result in decreased numbers of islets recovered from digested tissue and may be traumatic fot the islets. Fi-
coll-based density gradients are widely used in islet purification in clinical trials, Recently, purification with iodixanol was
reported in an islet transplantation series with successful clinical outcomes. This review describes current advances in islet

purification for clmlcal islet transplantation.

Keywoi'dS° Density, islet isolation, islet transplantatlon, osmolallty, regular purification, supplemental purification.

INTRODUCTION

Pancreatic islet transplantation has been shown to be a
successful and effective strategy to achieve tight glucose
control in patients with type 1 diabetes who experience hy-
poglycemic unawareness despite maximal care [1-5]. Clini-
cal trials have shown that insulin-independence can be con-
sistently achieved when a sufficient number of islets
(>10,000 islet equivalents (IE)/kg of recipient body weight)
are implanted. However, current isolation techniques usually
recover fewer than half of the islets from a given pancreas,
and barely half of the processed pancreata effectively reach
the threshold for clinical transplantation in most centers.
Although islet isolation techniques have been gradually im-

proving {6-11], islet transplantation from two or more donors

is usually required to achieve euglycemia.

One of the most important steps for islet 1solat10n is islet
purification. The purification step allows for separation of
the islets, which represent only 2-5% of the pancreas, and
reduces the volume of tissue necessary for implantation. This
procedure therefore minimizes the risks associated with islet
infusion through the portal vein such as increased portal
pressure and thrombosis. However, islet purification might
result in a decreased number of islets recovered due to vari-
ous stressors such as exposure to cytokines/chemokines. The
minimmum number of final islets required for clinical islet
transplantation is 5,000 IE/kg of recipient body weight [1, 2].
Even when the prepurification counts are adequate, the post-
purification islet yield sometimes falls below the required
minimum number, resulting in a lower transplant rate. In
some cases, a substantial proportion of islets may be found in
less pure fractions after density gradient centrifugation.

This review describes current advances in islet purifica-
tion for clinical islet transplantation.
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CONTINUOUS DENSITY GRADIENTS IN FICOLL
SOLUTIONS WITH A COBE 2991 CELL PROCESSOR

The most common method of islet purification is density
gradient centrifugation due to the differences in density be-
tween islets and acinar tissue. Continuous Ficoll-based den-
sity gradient purification using a semiautomated computer-

. ized COBE-2991 cell processor is considered to be the gold

standard method at present [1, 2]. Standard human islet purj-
fication is performed by top loading digested tissue (<20 mL
of tissue/run) in University of Wisconsin (UW) solution [12]
on high-density (1.100 g/cm®) and low-density (1.077 glem’)
Ficoll-based density gradients in doughnut-shaped COBE
purification bags. After five minutes of centrifugation ap- -
proximately 10-20 fractions (25-50 ml each) are collected
and examined for purity.

It has been reported that the percentage of islets recov-
ered from a standard Ficoll purification is 55-65% [7, 13,
14]. The density of islets/acinar tissue is influenced by dif-
ferences in donor characteristics, the secretory status of exo-
crine cells, pancreas procurement, preservation protocols that
affect cellular swelling and tissue edema and the islet isola-
tion procedure, which determines the extent of tissue disso-
ciation and the ultimate size of the aggregates [15-18]. Since
the purification gradients used are fixed using the gold stan-
dard method, significant exocrine tissue contamination of
islet fractions leading to lower postpurification purity often
results when the exocrine density is less than 1.100 g/cm
Conversely, when islet densities are more than 1.100 g/cm?,
as may be seen with embedded islets, most of the islets form
sediment in the COBE bag, resulting in significant islet loss
and diminished postpurification recovery. Our group investi-
gated the density of digested tissue (>95% acinar tissue) in
28 human islet isolations [12]. The tissue densities in a solu-
tion in which the osmolality was 411 mOsm were 1.085
g/cm (14.3% of the 1solanons) 1.090 g/em® (32. 1%), 1.095
glem?® (46.4%), 1.100 g/em’ (3.6%) or 1.105 glem® (3.6%),
indicating that the density varies with the individual isola-
tion. This has profound implications for difficulty in per-
forming islet purification.

© 2014 Bentham Science Publishers
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It has been reported that the density gradient itself is
likely harmful for islets [19-21]. Exposure to the sucrose-
based Ficoll density gradient as well as enzymes and endo-
toxins during isolation may cause release of inflammatory
mediators in vitro [22, 23]. This may contribute to the gen-
eration of inflammation, apoptosis and immunologic attack
after islet implantation in' vivo. Therefore, minimizing the
stress to islet cells during purification is important for im-
proving islet yield and quality.

CONTINUOUS DENSITY GRADIEN&‘S IN 10DIX-
ANOL SOLUTIONS

The use of iodixanol for islet purification has been re-
cently reported in clinical islet transplantation at a limited
number of centers [4, 6, 12, 24, 25] and is associated with a
high rate of success evaluated based on clinical outcomes
[5]. Ficoll is a neutral, highly branched, high mass, hydro-
philic polysaccharide that readily dissolves in aqueous so-
Iutions. lodixanol is a nonionic, iso-osmolar contrast me-
dium used in patients for intravenous administration and
has a lower viscosity than Ficoll; therefore, islets should
suffer less force. Mita ef al. compared the effects of the
purification methods using iodixanol-based and Ficoll-
based density gradients in terms of the efficiency of purifi-
cation, islet yield, islet quality, cellular composition and
anti-inflammatory aspects of purified islet preparations
[25]. Although islet purity, postpurification islet equiva-
lents, the islet recovery rate, islet viability and fractional -
cell viability were comparable, the f-cell mass after a 48-
hour culture significantly improved in the iodixanol group
when compared to that observed in the Ficoll group. The
production of cytokines/chemokines, including interleukin-
1B (1IL-1PB), tumor necrosis factor-a (TNF-0), interferon-y
(IFN-y), IL-6, IL-8, macrophage inflammatory protein 1f
(MIP-1f), monocyte chemoattractant-1 (MCP-1) and regu-
lated upon activation, normal T cell expressed and secreted
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(RANTES), from the iodixanol group was significantly
fower during the 48-hour culture after isolation than that
observed in the Ficoll group and was associated with im-
proved B-cell survival during the pretransplant culture. IL-
1B, IFN-y and TNF-«¢ induce apoptosis in human islet cells
[8, 26]. A low level of MCP-1 production from human islet
preparations is associated with better clinical outcomes in
islet transplantation [27]. Therefore, regulating cyto-
kine/chemokine production may favor islet transplantation
outcomes. These data suggest that the purification method
using iodixanol gradient media may be helpful for improv-
ing the rate of successful islet transplantation.

IODIXANOL-CONTROLLED DENSITY GRADIENT
DURING ISLET PURIFICATION

The tissue density before purification varies with the in-
dividual isolation, which has profound implications for the
difficulty of performing islet purification. A test gradient
approach using multiple discontinuous gradients has been
suggested to enhance islet purification recovery by optimiz-
ing the range of density gradients [12, 28, 29]. We recently
demonstrated the effectiveness of controlled-density gradi-
ents using iodixanol [12] (Fig. 1A). In our study, iodixanol
was combined with a preservation solution (Kyoto solution)
to generate a new purification solution (iodixanol + Kyoto
(IK) solution). Before performing purification with the 1K
solution, we calculated the density of the digested tissue
(named “density determination”). According to the outcome
of the density determination step, the density of the purifica-
tion soluuons was controlled (high density; 1.085-1.110
g/em®) by changing the volumetric ratio of iodixanol and the
purification solutions. The purification procedure used for
the IK solution was the same as that used for the Ficoll solu-
tion, with the exception that the speed of centrifugation was
lower than that of Ficoll solution since the IK solution has a
lower viscosity. The islet yield after purification and the
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Fig. (1). Islet purification. A, Regular purification. The standard punﬁcauon procedure for human islet preparations is performed by making
a Ficoll-based density gradient between high density (1 0975 g/em®) and low density (1.0760 g/cm®) (dotted line) or by IK solution-based
den31ty gradients between high density (1.085-1.110 g/om®) and low density (1.0750 g/em®). This is followed by top loading the digested
tissue in 100mL UW solution followed by 50mL of capsolution and a 5~mm centrifugation. B. Supplemental purification. Densities for SP
were decided based on the outcome of RP. For example, when 1.090 g/cm® of high density solution was used in RP (Flg 1A, dotted line) and
islets in 50% of upper bottles were collected for pure fraction, it means that islets with a density of up to 1.083 g/cm® were collected. There-
fore, we selected 1.0825 g/cm for the low density solution for SP (dotted line).
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postpurification recovery rate were significantly higher in the
controlled density gradient purification (84.9%) than in the
standard continuous gradient purification using the Ficoll
solution (55.6%). These data suggest that using an iodixanol
controlled-density gradient improves the islet recovery rate
in human islet isolation [12].

Some of the initial test gradients, including that used in
our study, employ many separate conical tubes with different
densities, requiring more tissue and more time to determine
the islet and acinar densities before the actual purification.
Anazawa et al. developed an analytical test gradient system
(ATGS) to determine the density distribution of exocrine and
islet tissue from human pancreata before the actual COBE

purification [6]. The ATGS uses a single conical tube with a’

continuous gradient. Using ATGS-guided continuous density
gradients maximizes islet recovery for successful transplan-
~ tation by reducing acinar contamination in allograft prepara-
tions and reducing sedimentation of islets in the COBE bag
in autograft preparations.

OSMOLALITY OF PURIFICATION SOLUTIONS

The osmolality of the purification solution affects the
density of the islets and the acinar tissue as well as the puri-
fication itself. Our group previously reported that the punﬁ-
cation efficacy of Ficoll with high osmolality (1.0975 g/cm
for a high-density solution) is similar to the 1.090 g/cm® of
the iodixanol-based solutmn for a high-density solution
rather than 1.095 g/cm® [12]. This is due to the difference in.
osmolality between the iodixanol-based solution (approxi-
mately 400 mOsm) and Ficoll with high osmolality (ap-
proximately 500 mOsm). These data suggest that tissue den-
sity increases in Ficoll solution more so than in iodixanol-
based solution because the higher osmolality Ficoll sotution
leads to greater shrinkage of digested tissue than the jodix-
anol-based solution. We investigated the effects on tissue
density of three different osmolalities (400, 450 and 500
mOsm/kg) of jodixanol-based purification solution [30]. The
density of both islets and acinar tissue increased relative to
the increase of the osmolality of the purification solutions.
The density of the digested tissue increased by approx1-
mately 0.005 g/cm’ relative to the 50 mOsm/kg increase in
the purification solutions. There were no significant differ-
ences among the three groups in islet yield, the rate of post-
purification recovery after density-adjusted purification, or
the quality of the islets.

Osmolality is known to be one of the most critical vari-
ables in human islet purification [31]. It has been reported
that endocrine and exocrine tissues of pancreata have distinct
osmotic sensitivities [32, 33]. However, in our study, the
density differences between islets and acinar tissue were
similar among the three groups. We speculate that poorly
preserved pancreata resulted in edematous changes due to
hypoxia-induced cell swelling during cold storage. Since
exocrine tissues are more susceptible than islets to cold
ischemic injury [34], exocrine tissues should be more edema-
tous than islets. In such cases, the effects of high osmolality
solution are more apparent it exocrine tissue. In contrast, all
pancreata used in our study were preserved with ductal injec-
tion followed by the oxygen-charged static two-layer
method. Therefore, our pancreata were not edematous at all,
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and the ratio of shrinkage was thus similar between the islets
and the exocrine tissue.

In summary, the densities of both islets and acinar tissue
are observed to change due to the osmolality of the purifica-
tion solution. Therefore, it should be taken into consideration
that the osmolality of the purification solution affécts the
tissue density and may affect the efficacy of purification
without the use of density adjustment.

SUPPLEMENTAL PURIFICATION

Todixanol controlled-density gradients improve the islet
recovery rate in human islet isolation [12]. However, the
percentage of islets recovered from the controlled-density
solution is approximately 80% [12], and 20% of islets are
still lost during purification. We and other groups recently
reported the effectiveness of performing an additional purifi-
cation step (supplemental purification/rescue purification)
after regular purification [14, 35, 36] (Fig. 1B). In our study
of supplemental purification (SP), we designed the densities
of low- and high-density solutions based on the outcome of
regular purification (RP). For example, when 1.090 g/cm3 of
high-density solution was used in RP and islets in 50% of the
upper bottles were collected for pure fraction, then islets
with a density of up to 1.083 g/cm were collected. There-
fore, we selected 1.0825 g/cm’ for the low-density solution
for SP (Fig. lA B). We set the high-density solution as a
0.015 gm/cm® increase of the low-density solution for SP.
Moreover, both a continuous density and a continuous osmo-
lality gradient were used for the supplemental purification.
Eckhard et al. showed that a continuous density and continu-
ous osmolality gradient induces differences in density be-
tween exocrine cells and endocrine cells (the difference in
density is 0.013 g/cm’), which is better than a continuous
den51ty, but not a continuous osmolality, gradient (0.004

“g/em®) and results in increased islet purity and recovery [16].

The addition of SP using a continuous density and osmolal-
ity gradient increased islet recovery by approximately 8%.
Therefore, the usage of a combined continuous density and
continuous osmolality gradient for SP can efficiently im-
prove islet equivalents in the final preparation. .

Ichii et al. showed that performing SP (which they called
“rescue purification™) using a dxscontmuous gradient (1.037,
1.096, 1.108 and 1.132 g/em®) with high osmolality maxi-
mizes the number of islet preparatlons [35]. Using higher
density solutions (1.108 and 1.132 g/cm®) rather than a regu-
lar solution (1.100 g/cm’) with high osmolality, the SP con-
tributed 28% of islet equivalents to thé final preparation,
which is a higher percentage than that observed in our study.
However, the authors only performed the rescue purification
when the RP procedure resulted in relatively low islet yields
compared to the prepurification counts or when a consider-
able number of islets were still observed in the impure layers
generally not considered for transplantation. Since the per-
centage of islet recovery after RP was 80% in our study, we
could theoretically purify up to 20% of the remaining islets
using -SP. Both their and our data clearly suggest that the use
of supplemental purification after regular purification could
be of assistance in maximizing the number of islet prepara-
tions used for islet transplantation. Their data also suggest
that using higher density solutions occasionally improves the
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islet recovery rate after purification because the density of
islets (especially embedded islets) is sometimes near or
higher than 1.100 g/cm’.

CONCLUSION

Currently, the use of continuous density gradient cen-
trifugation on the COBE 2991 cell processor is the only
method that has been shown to be consistently successful

and is used clinically for large-scale human islet purification -

[1-5, 12]. Significant progress in islet purification techniques
has been made in recent years, including the development of
gradient media [7, 12, 25, 37}, cooling systems during purifi-
cation [38], storage of pancreatic digest in the preservation
solution” before purification [39] and supplemental/rescue
purification [35, 36]. Several other purification techniques
have been investigated, including tissue culture [40], filtra-
tion [19], magnetic microspheres coated with antiacinar cell
monoclonal antibodies [41] or magnetic retraction [42], the
use of antiacinar cytotoxic antibodies [43] and hypotonic
lysis [44].

The success and long-term outcomes of clinical islet
transplantation are limited by obstacles such as a nonoptimal
transplantation site and severe inflammatory and immu-
nological responses to the transplant. Tissue engineering
strategies are poised to combat these challenges [45]. Im-
proving the efficacy of islet transplantation seems to be the
most realistic and tissue engineering strategies will help to
establish cell-based therapies for diabetes.
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ATGS = analytical test gradient system

HBSS = hanks balanced salt solution

1E = islet equivalents

IFN . = interferon

IK = jodixanol + Kyoto

IL = interleukin

MCP-1 = monocyte chemoattractant-1

MIP = macrophage inflammatory protein

RANTES =  regulated upon activation, normal T cell
‘ expressed and secreted

RP = regular purifications

Sp = suypplemental purification

TNF = tumor necrosis factor

uw = University of Wisconsin
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Introduction

Beneficial effects and unsolved issues
of islet transplantation

Summary

Islet transplantation is a new treatment for achieving insulin independence for
patients with severe diabetes. However, major drawbacks of this treatment are the
long graft survival, the necessity for immunosuppressive drugs, and the efficacy of
transplantation. Donor-specific transfusion (DST) has been shown to reduce
rejection after organ transplantation, potentially through enhanced regulatory
T-cell (Treg) activity. However, recent findings have shown that activated Treg
can be converted into Th17 cells. We focused on histone deacetylase inhibitors
(HDACI) because it was reported that inhibition of HDAC activity prevented
Treg differentiation into IL17-producing cells. We therefore sought to enhance
Treg while suppressing Th17 cells using DST with HDACH to prolong graft sur-
vival. To stimulate Treg by DST, we used donor splenocytes. In DST with HDACi
group, Foxp3 mRNA expression and Treg population increased in the thymus
and spleen, whereas Th17 population decreased. qPCR analysis of lymphocyte
mRNA indicated that Foxp3, 1L-10, and TGF-b expression increased. However,
interleukin 17a, Stat3 (Th17), and IFN-g expression decreased in DST + HDACH
group, relative to DST alone, Moreover, DST treated with HDACi prolonged graft
survival relative to controls in mice islet transplantation. DST with HDACi may
therefore have utility in islet transplantation.

tained insulin independence [2]. That study demon-
strated that while there are several issues to be solved,
islet transplantation holds promise as a treatment for
severe diabetes.

The Edmonton protocol of 2000 opened a new age of
clinical islet transplantation research for the treatment
of type 1 diabetes. In their report, seven patients with
type 1 diabetes became insulin independent after islet
transplantation with glucocorticoid-free immunosuppres-
sion [1]. Approximately 80% of study subjects had islet

function as indicated by the presence of C-peptide at

5-year follow-up, although only 10% of patients main-

408

Islet transplantation still faces several challenges, includ-
ing the requirement for immunosuppressants to prevent
rejection. Immunosuppressants cause side effects and
hinder beta cell regeneration, and incomplete immunosup-
pression can lead to autoimmune recurrence or allorejec-
tion [3]. Eliminating the need for immunosuppressants is
therefore a major goal for islet transplantation and would
significantly improve its efficacy.

© 2014 Steunstichting ESOT 27 (2014) 408415
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Donor-specific blood transfusion for immunological
tolerance

Donor-specific blood transfusion (DST) has been shown to
reduce rejection after organ transplantation [4]. A possible
mechanism of DST is stimulation of regulatory T cells that
have potent immunosuppressive effects. It has also been

shown that the simultaneous infusion of islets and regula-
* tory T cells reduces the rejection and prolongs islet survival
in a mouse model [5].

Histone deacetylase inhibitors (HDACI)
for enhancing Treg

We focused on HDAC] for promoting the generation of
Treg [6-8]. Histone deacetylases (HDACs), in conjunction
with histone acetyltransferases, control the level of acetyla-
tion on lysine residues in histones. Treatment of cells with:
HDACI, such as trichostatin A (TSA) and suberoylanilide
hydroxamic acid {SAHA), leads to hyperacetylation of
histones, resulting in a more open chromatin architecture
and increased access for transcription factors [9]. HDACI
regulates gene expression as well as the functions of more
than 50 transcription factors and nonhistone proteins [10].
Treg is a target of HDACI. Studies on Foxp3, a key gene of

Treg, reveal that histone H4 is hyperacetylated when the

gene is activated [11]. Another study revealed that acety-
lated Foxp3 is upregulated in CD4* CD25" Tteg cells [12].
Moreover, TSA induced Treg production from najve CD4"
CD25-T-cell populations following epigenetic modification
[13]. These results suggest that HDACI treatments altered
CpG island methylation sites that allow FOXP3 to enter the
space between DNA and histone proteins, allowing tran-
scription. Both methylated and acetylated FOXP3 within
CD4* CD25-T cells induced Treg phenotypes in vitro. To
summarize, HDACI treatment may enhance Treg expres-
sion by methylation and acetylation of Foxp3.

HDAC: for anti-Th17 effect

Studies suggest that activated Treg promotes Th17 cell
differentiation from CD4.T cells, through production of
TGF-b. In addition, transfer of Treg enhanced IL17 pro-
duction in a mouse model, and enhanced IL17 is associ-
ated with systemic autoimmune disease [14]. Therefore,
expansion of Th17 cells may disrupt Treg and immuno-
logical tolerance.

Importantly, treatment of HDACi may help address
this problem. Interestingly, differentiation of Treg into
IL17-producing cells depended on HDAC activity, and
inhibition of HDAC activity prevented differentiation into
IL17-producing cells, yet sustained Foxp3 expression [15].
Based on these data, we hypothesized that HDACi could be

© 2014 Steunstichting ESOT 27 (2014) 408415
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critical for increasing Treg growth and preventing Treg
from becoming Th17 cells.

IMiaterials and method

In vitro experiments

Balb/c mice were used as donoss, and C57BL/6 mice were
used as recipients. To stimulate Treg by DST, we used
donor splenocytes. Splenocytes (1.0 x 10° cells) derived
from Balb/c mice were injected into C57BL/6 mice (day 0,
iv.). TSA, a HDACI, was also injected (1.0 mg/kg/day, day
0-6, i.p.). On day 7, thymic and splenic lymphocytes were
isolated and analyzed by flow cytometry (CD4, CD25,
Foxp3, and IL17a) as in vitro experiments. In addition,
mRNA expressions in thymic and splenic lymphocytes were
analyzed by qPCR (Foxp3, TGF-b, IL-6, IL-10, IL-17a, IL-
21, Stat3, and IFN-g) (SABiosciences, Frederick, MD, USA)
as in vitro experiments.

In vivo experiments

Streptozotocin (180 mg/kg, i.v.)-induced diabetic C57BL/6
mice were used as recipients. Donor splenocytes (1.0 x 108
cells, day 0, iv.) and TSA (1.0 mg/kg/day, day 0-6, i.p.)
were injected, and on day 7, 400 islets from donor mice
were transplanted into the left renal capsule of recipient
mice as in vivo experiments. Graft survival was observed by
checking the blood glucose level three times a week.

Immunochistochemistry

Frozen sections were made with Cryostat (CM 30508,
Leica, Wetzlar, Germany) from the left renal capsule of
DST + TSA recipient mice 60 days after islet transplanta-
tion and control recipient mice after graft rejection.
Sections were stained with anti-mouse insulin antibody
(Abcam, Cambridge, MA, USA).

Statistics .

Statistical significance was determined by one-way aNOvaA
and Tukey/Kramer post hoc test. Al statistical analyses were
performed using staTview 5.0 (SAS Institute Inc, Cary, NC,
USA). Differences were considered significant if P < 0.05.

Results

DST and HDACGI induced Treg expression

In in vitro and in vivo models, mice were divided into four
groups (n = 5): (i) control, (ii) DST, (iii) TSA (HDACI),
and (iv) DST + TSA. In preliminary data, we observed that
Treg did not significantly increase on day 3 after DST.
However, Treg significantly increased on day 7 after DST.
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Figure 1 Donor-specific transfusion (DST) and HDACi induced Treg expression. (a) Foxp3 mRNA expression in thymus (day 7). Foxp3 mRNA expres-
sion following DST + TSA treatment is significantly higher than with DST or TSA alone (P < 0.05). (b) Foxp3 mRNA expression in spleen (day 7). There
is no significant difference between DST and DST + TSA groups. (¢) Flow cytometry chart of CD4* CD25" Foxp3™ T cells in thymus (day 7). The repre-
sentative data of FACS analysis in thymus were shown. (d) Flow cytometry chart of CD4* CD25* Foxp3™* T cells in spleen (day 7). The representative
data of FACS analysis in spleen were shown. (e) FACS analysis of the fold change in Treg in thymus. The fold change of Treg in DST + TSA was signifi-
cantly higher than that in the DST group (P < 0.05). (f) FACS analysis of the fold change of Treg in spleen. Treg increase observed for DST + TSA
tended to be higher than that in the DST group (P = 0.09). TSA, trichostatin A.
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So we analyzed the immune response on day 7. In in vitro
model, we made the four groups, and on day 7, Foxp3
mRNA expression in thymus was significantly increased in
DST, TSA, and DST + TSA, relative to controls. Moreover,
Foxp3 mRNA expression in DST + TSA was significantly
higher than DST or TSA alone (Fig. la). On the other
hand, splenic Foxp3 mRNA expression was significantly
increased in DST, TSA, and DST + TSA relative to con-
trols. However, there was no significant difference between
the DST and DST + TSA groups (Fig. 1b). As determined
by FACS analysis, the fold change of Treg in thymus was
significantly higher in DST, TSA, and DST + TSA than in
controls. Moreover, the Treg increase observed for
DST + TSA treatment was significantly higher than that
observed in DST-only treatment (Fig. le). In spleen, the
fold increase in Treg was significantly higher for DST, TSA,
and DST + TSA against controls. However, the Treg
increase in DST + TSA group tended to be higher than that
for DST treatment (P = 0.09) (Fig. 1f). The representative
data of FACS analysis of lymphocytes in thymus and spleen
are shown in Fig. 1cand d. :

HDACI decreased Th17 expression

We next focused on Th17 expression. In in vitro model, we
used four groups (n = 5): (i) control, (i) DST, (iii) TSA
(HDACI), and (iv) DST + TSA. We made the four groups,
and on day 7, splenocytes were taken and analyzed for
mRNA expression and flow cytometry. IL-17, a major Th17
cytokine, increased (not significantly) mRNA expression
when treated with DST. However, IL-17 mRNA expression
decreased significantly in DST + TSA group in comparison
with DST-alone group (Fig. 2a). FACS analysis indicated
that the population of CD4™ IL17" cells in DST + TSA
treatment group was significantly lower than that in DST
group (Fig. 2c). The representative data of FACS analysis
of CD4" IL17" cells in spleen are shown in Fig. 2b.

DST and HDAC;] changed mRNA expression associated
with Treg and Th17

We measured various mRNAs associated with Treg and
Th17 from splenocytes of each of the four groups (Fig. 3).
Treg secretes IL-10 and TGF-b, and they suppress the
immunological reaction. We measured IL-10 and Tgfbl,
mRNA of IL-10 and TGF-b, and the expression of those
cytokines in recipient splenocytes was significantly higher in
DST + TSA treatment relative to TSA only, or control
(Fig. 3a and b): Th17 secretes IL-17 family, and they involve
in inducing and mediating proinflammatory responses. We
measured 1L-17a, a member of IL-17 family, and IL-17a
mRNA expression in recipient splenocytes was significantly

© 2014 Steunstichting ESOT 27 (2014) 408415
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Figure 3 Donor-specific transfusion (DST) and HDACi changed mRNA expression associated with Treg and Th17. Various mRNAs associated with
Treg and Th17 from lymphocytes of the four groups were measured by gqPCR. () IL-10 mRNA expression in spleen. IL-10 mRNA expression following
DST + TSA treatment is significantly higher than following control or TSA alone, (b) Tgfb1 mRNA expression in spleen. Tgfb1 mRNA expressions fol-
lowing DST + TSA treatment or DST only are significantly higher than following control or TSA alone. () IL-17 mRNA expression in spleen. iL-17
mRNA expression following DST + TSA treatment is significantly lower than following DST only. (d) IL-6 mRNA expression in spleen. There is no signif-
jcant difference in L-6 mMRNA expression. (e) IL-21 mRNA expression in spleen. There is no significant difference in IL.-21 mRNA expression. (f) Stat3
mRNA expression in spleen. Stat3 mRNA expression following DST + TSA treatment is significantly lower than following DST only. (g) Ifng mRNA

expression in spleen. ifng mRNA expression following DST + TSA treatment is significantly lower than following DST only. TSA, trichostatin A.

decreased in DST + TSA treatment group in comparison
with control and DST-alone groups (Fig. 3c). However, IL-
6 and IL-21 mRNA expression was not significantly differ-
ent between groups (Fig. 3d and e). Moreover, we mea-
sured Stat3, a major Th17 transcription factor, to evaluate
the activity of Th17 cells. Stat3 was expressed significantly
higher following DST treatment relative to control. How-
ever, Stat3 expression did not differ between DST + TSA
and control. In addition to Treg and Th17 system, IFN-g
was measured because it was critical for innate and adaptive
immunity and produced from natural killer cells, natural
killer T cells, CD4 Th1 cells, and CDS cytotoxic T cells. Ifng
mRNA expression in TSA and DST + TSA was significantly
lower than that following DST only.

DST + TSA improved the graft survival in mouse islet
transplantation

We examined islet graft survival in a mouse model (n = 5).
There was no difference in graft survival between mice in
the control, DST, and TSA groups. However, with
DST + TSA treatment, graft survival was significantly
improved. Moreover, we observed extended survival (over
60 days) in the DST + TSA group (Fig. 4). Insulin staining

(%) e Conitrol (n = 5)
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= 801 i ..! —= DST+TSA {n=8)
2 ! )
T |
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Figure 4 DST + TSA improved graft survival in a mouse islet transplan-
tation model. A total of 400 islets from donor mice were transplanted
into the feft renal capsule of recipient mice, and graft survival was
observed by checking blood glucose level three times a week. Following
DST + TSA treatment, graft survival was significantly. improved
(P < 0.05). DSA, donor-specific transfusion; TSA, trichostatin A.
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indicated that islets secrete insulin in the transplantation
site 60 days after transplantation (Fig. 52 and b). On the
other hand, in control group there was no islet secreting
insulin, and we recognized the fibrillization and inflamma-
tion cells under the renal capsule after rejection (Fig. 5¢
and d). We observed the similar changes in DST or TSA
group.

Discussion

Islet transplantation is a promising treatment for diabetes,
However, there are several problems to be solved. These
problems include length of graft survival, the reduction of
immunosuppressive drugs, and transplantationi efficacy.
Treg is likely a key regulatory cell type that needs to be
managed to solve these problems. Sakaguchi et al. origi-
nally identified this cell population as a regulator for auto-
reactive T cells [16]. Treg can strongly regulate other
T cells depending on cell-associated molecules such as
CTLA-4 and GITR, as well as soluble mediators including
IL-10 or TGF-b, and cytotoxic CD8" T cells. Graft

Insulin

DST+HDACI
(x100)

Figure 5 Insulin staining of transplantation site in a mouse islet trans-
plantation model. (a) H.E. staining (x 100). H.E, staining identified islets
under the renal capsule of recipient mice. (b) insulin staining {x100).
Insulin staining identified islets that secrete insulin in the transplantation
site 60 days following transplantation. (¢) H.E. staining (x100). H.E.
staining identified no islets under the renal capsule of recipient mice
after rejection. We recognize the fibrillization and inflammation cells
under the renal capsule after rejection. (d) Insulin staining (x 100). Insulin
staining identified no islets that secrete insulin in the transplantation site.
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rejections are T-cell-mediated immunoreactions, making
Tregs a natural target for researchers to consider in con-
trolling graft rejection. Indeed, it is known that Treg
increases in patients with immunological tolerance [17,18]
and that increasing the number of Tregs in recipients pre-
vents both acute and chronic rejection in several animal
models [19]. Treg can be increased in several experimental
models, such as multiple blood transplantations [20],
blocking of CD40-CD154 or CD80/CD86-CD28 costimu-
latory interactions [21-23], anti-CD28 antagonist [24,25],
and ex vivo Treg expansion [26]. In this study, we used
donor-specific transfusion (DST). DST is a classic and
empirical method. However, we still sought to evaluate
the utility of this approach. It is reported that anergy
[27,28], clonal deletion [29,30], regulation of cytokine
production [31,32], microchimerism [33,34], generation
of soluble MHC antigen [35], or a combination of these
mechanisms may mediate DST. However, the specific
mechanism of DST is still unknown [36,37].

Our data show that DST increased the Treg population
and increased Foxp3, IL-10, and Tgfbl mRNA expression.
In this respect, it may be thought that DST has utility by
itself. However, other data suggest that DST is not effective
for graft survival in an islet transplantation model [38],
indicating that DST has limits. :

We focused on Th17 cells because previous studies
showed that Treg enhancement also increases Th17 cells via
TGF-b and IL-6 induction. Treg differentiates into Thl17
cells. A GAD vaccination study showed that GAD vaccina-
tion enhanced not only Treg but also Thl and Th17 cells,
which failed to prevent type 1 diabetes. Moreover, in a
mouse syngeneic islet transplantation model, blockade of
IL-17 resulted in extended graft survival [39]. Therefore,
we hypothesized that DST with blockage of anti-inflamma-
tory drugs could improve graft survival.

We therefore used HDACI to inhibit inflammatory cyto-
kines (Th1 and Th17). HDACi was also known to increase
Treg and decrease Th17 differentiation by sustaining Foxp3
expression and inhibiting IL-6. Moreover, it has been
shown that HDAC] blocks IL-23 production and inhibits
Th17 differentiation [40]. Our study showed that TSA
increased Treg expression and regulatory cytokines (IL-10
and Tgfbl). Moreover, DST + TSA induced expansion of
Tregs and IL-10 and significantly decreased Th17 (IL-17a)
and Thl (Ifng), compared with DST only. In the mouse
islet transplantation model, DST + TSA improved graft
survival, and we observed extended survival (over 60 days
after transplantation).

Cytokine analysis indicated that IL-10 and Tgfbl mRNA
were significantly increased by DST + TSA and improving,
in principle, Treg function. IL17a and Ifng mRNA expres-
sion was decreased by TSA. However, IL-6 and IL-21
expression was not significantly decreased.
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In conclusion, HDACI increased Treg expression and
inhibited Th17 differentiation, accompanied with Treg
induction. These results suggest certain therapeutic strate-
gies that may be useful for improving graft survival.
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ORIGINAL ARTICLE

Pancreatic Ductal Perfusion at Organ Procurement Enhances
slet Yield in Human Islet Isolation

Morihito Takita, MD, PhD,* Takeshi Itoh, MD, PhD,* Masayuki Shimoda, MD, PhD,* Mazhar A. Kanak, MS,
Rauf Shahbazov, MD, PhD,* Faisal Kunnathodi, PhD,* Michael C. Lawrence, PhD,*
Bashoo Naziruddin, PhD,} and Marlon F Levy, MD, FACS]

Objective: Pancreas preservation is a major factor influencing the results
of islet cell transplantation. This study evaluated the effects of 2 different so-
lutions for pancreatic ductal perfusion (PDP) at organ procurement.
Methods: Eighteen buman pancreases were assigned to 3 groups: non-PDP
(control), PDP with ET-Kyoto solution, and PDP with cold storage/purification
stock solution. Pancreatic islets were isolated according to the modified Ricordi
method.

Results: No significant differences in donor characteristics, including
cold ischemia time, were observed between the 3 groups. All islet isola-
tions in the PDP groups had more than 400,000 islet equivalence in total
islet yield after purification, a significant increase when compared with
the control (P = 0.04 and P < 0.01). The islet quality assessments, inclad-
ing an in vivo diabetic nude mice assay and the response of high-mobility
group box protein 1 to cytokine stimulation, also showed no significant dif-
ferences. The proportion of terminal deoxynucleotidyl transferase dUTP
nick-end labeling-positive cells showing apoptosis in islets in the PDP
groups was significantly lower than in the control group (P < 0.05).
Conclusions: Both ET-Kyoto solution and cold storage/purification stock
solution are suitable for PDP and consistently resulted in isolation success.
Further studies with a larger number of pancreas donors should be done to
compare the effects of the PDP solutions.

Key Words: organ preservation, pancreatic islet isolation, islet potency
assay, islet transplantation, apoptosis

(Pancreas 2014;00: 00-00)

ancreatic islet cell transplantation is a promising treatment op-
tion, with allogeneic transplants used for patients with brittle

type 1 diabetes and autologous transplants afier total pancreatec-

tomy used for patients with refractory chronic pancreatitis."”* In
2000, the Edmonton protocol opened a new era of allogeneic islet
transplantation, achieving insulin independence in all islet recipi-
ents; however, there are still major barriers to its wide use, such as
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the need for multiple infusions with multiple donors, failed islet
isolation, difficulty in maintaining long-term graft function, and
the use of strong immunosuppression.

A major element in improving islet isolation outcomes and, in
turn, clinical results is pancreas preservation. To that end, pancre-
atic ductal perfusion (PDP) at organ procurement was originally
examined and shown to be effective in rodent models, where it
was called prestorage ductal flush and intraductal distension and
involved the use of collagenase-containing Hanks solution or Uni-
versity of Wisconsin solution (UWS),* These techniques allowed
sufficient distribution of the collagenase solution in the entire
pancreas, preserving pancreatic ducts and inhibiting cold ischemia
injury in ductal epithelium.” Sawada et al” showed that ductal per-
fusion using UWS without collagenase could significantly im-
prove islet yield and quality. The UWS can prevent hypothermia-
induced cell swelling during cold ischemia time.® Contradictory
effects have also been reported, such as the fact that the UWS in-
hibited collagenase activity and has high viscosity, possibly resulting
in poor isolation outcomes.™'® Another disadvantage in the use of
UWS for PDP is the 3 cell exhaustion caused by its high potassium
level."! Thus, extracellular fluid-like solution with a low potassium
level should be considered for PDP.

The ET-Kyoto solution (ETKS; Otsuka Pharmaceutical Fac-
tory Inc, Naruto, Japan) was originally developed as an organ-
preservation solution for lung transplantation and has an extracellu-
lar fluid-like electrolyte composition with sodium and potassium
levels of approximately 100 and 44 mmol/L, respectively (Supplemen-
tal Digital Content Table S1, hitp:/links.Iww.com/MPA/A320).'%1
The potassium concentration in ETKS was designed at a lower level
than UWS but higher than extracellular fluid because 40 mmol/L
of potassium had a benefit in keeping vascular resistance lower in
preclinical lung transplantation model when compared with specially
prepared ETKS with much lower potassium level (20 mmol/L) and
Buro-Collins solution with higher potassium (115 mmol/L).***®
The ETKS includes unique ingredients of trehalose and gluconate,
which help stabilize the cell membrane and prevent cell swell-
ing.'%!7 The ETKS showed less inhibition of collagenase activity
than UWS did but had comparable benefits in islet isolation.'® Re-
cently, PDP with ETKS coupled with the 2-layer method was
shown to contribute to highly successful islet isolation. >

The cold storage/purification stock solution (CSPS) (Mediatech,
Inc, Manassas, Va) has a sodium-potassium composition similar to
that of extracellular fluid (Supplemental Digital Content Table S1,
http://links.lww.com/MPA/A320) and contains histidine, allowing
a robust buffering capacity.? Histidine-lactobionate-based preser-
vation solution has been ,r?gported to improve the viability of puri-
fied islets up to 48 hours.

Both ETKS and CSPS have an electrolyte composition of
higher sodium and lower potassium levels compared with UWS,
which should be beneficial for PDP, although each solution has
its own unique ingredients to improve pancreas or islet preservation.
No reports have directly compared ETKS and CSPS solution for
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PDP. Hence, we designed a prospective study to investigate the im-

* pact of the 2 PDP solutions on islet isolation outcomes, comparing
with control group without ductal perfusion at organ procurement.
Total islet yield after purification and other islet quality parameters
were used for the primary and secondary end points. We also eval-
nated apoptosis in islets immediately after cold ischemia time as
an ancillary study to elucidate the influence of PDP solutions on is-
lets before the isolation. .

MATERIALS AND METHCDS

Study Design and Donor Criteria

This study was designed as a prospective trial, and the do-
nor criteria listed in Supplemental Digital Content Table S2,
http://links.Iww.com/MPA/A320 were defined before the study
initiation according to the international trial of the Edmonton proto-
col.? The recovered pancreas was assigned to 1 of 3 groups, which
are no PDP (control), PDP with ETKS, or PDP with CSPS, with the
goal of avoiding significant differences in donor characteristics
among the groups, particularly for age and body mass index.

A power analysis was completed to determine the appropri-
ate number of donors for this study (Supplemental Digital Content
Fig. S1, http:/links.Ilww.com/MPA/A320). On the basis of our
previous observation,'® we expected a difference between the con-
trol group and the PDP groups of 2.5 + 1.4 x 10° IEQ (mean + SD)
for the primary end point. The analysis revealed that a minimum of
6 donors per group should be evaluated to detect the anticipated dif-
ference with a statistical power of 8=0.80 and ex= 0.05.

The primary end point was total islet yield after purification,
represented by a standard number of islet equivalents (JEQ).>* The
secondary end points included islet yield per pancreas weight

_postdigestion and postpurification (IEQ/g) and islet quality evalu-
ated by viability, stimulation index of the glucose-stimulated insu-
lin release assay, and in vivo nude mice assay. As an ancillary
study to explain the effect of PDP, we evaluated apoptosis by, ter-
minal deoxynucleotidyl transferase dUTP mnick-end labeling
(TUNEL) assay in the pancreas immediately after cold preserva-
tion and measured high-mobility group box protein 1 (HMGB1)
level with 10 islet cultures in each group to assess islet damage af-
ter the isolation,”**>2¢

Human Pancreas Procurement

Research-grade human pancreases from brain-dead donors
‘were provided through the local organ procurement organizations
(Southwest Transplant Alliance, Dallas, Tex, and LifeGift,
Houston, Tex). The pancreases were removed en bloc with a stan-
dard procedure after vascular perfusion with UWS or histidine-
tryptophan-ketoglutarate solution. Immediately after the pancreas
procurement, PDP was performed, wherein an 18- or 20-G can-
nula was inserted into the main pancreatic duct from the pan-
creatic head after removing the spleen and duodenum.'”
Approximatelgf 1 mL/g of either ETKS or CSPS was then injected
intraductally.> Afier completion of PDP, the pancreas was pre-
served with the 2-layer method using the corresponding preserva-
tion solutions of ETKS or CSPS and perfluorocarbon.??” No
PDP was performed for the control group, but the recovered pan-
creas was preserved with the 2-layer method with CSPS and per-
fluorocarbon (n = 6).

TUNEL Assay with Pancreas Tissue Before
Islet Isolation

The TUNEL assay was performed with an ApopTag fluores-
cein in situ apoptosis detection kit (Millipore, Billerica, Mass).?

2 | www.pancreasjournal.com

Pancreas tissue was taken from the pancreas body and prepared
for paraffin sectioning. Digoxigenin-labeled nucleotides were
added to DNA fragments by terminal deoxynucleotidyl transfer-
ase, and then fluorescein-labeled antidigoxigenin antibodies were
bound to the digoxigenin. Apoptotic cells, those that appeared
fluorescently green in the islet area stained by anti-insulin anti-
body (Sigma-Aldrich, St Louis, Mo), were manually counted.
Similarly, manual counts were made of nuclei stained by the blue
signal of 4, 6-diamidino-2-phenylindole, dihydrochloride (DAPT)
(Sigma-Aldrich, St Louis, Mo). The proportion of TUNEL-
positive cells in an islet or acinar cell area was evaluated.

Pancreatic Islet Isolation ‘

Islet processing was performed on the basis of the modified
Ricordi method in accordance with current good manufacturing
practice at Baylor Research Institute’s Islet Cell Laboratory (Dallas,
TX) as previously described,”>*° Briefly, after decontaminating the
pancreas surface with 1% povidone-iodine and 1 g of cephalospo-
tin, the chilled collagenase enzyme solution was perfused into the
pancreatic duct for 10 minutes. Then, the distended pancreas was
cut into approximately 10 pieces. The pancreas pieces were put in
the Ricordi chamber and digested by circulating the collagenase so-
lution at 37°C. After dilution and recombination of digested tissue,
the islets were purified with continuous density gradient using
iodixanol, followed by adjustment of islet density.>® The proportion
of undigested tissue weight was calculated by undigested tissue
weight divided by trimmed pancreas weight. The recovery rate in
the final preparation was calculated by the total islet yield (IEQ) af-
ter purification divided by that after digestion.

in Vitro Islet Evaluations

Viability was evaluated with fluorescein diacetate (10 pM)/
propidium iodide (15 pM) staining.®' The average viability in
50 islets was calculated. Islet yield was assessed using dithizone
staining (Sigma Chemical Co, St Louis, Mo) (2 mg/mL) and con-
verted to a standard number of IEQ (diameter standardizing to
150 pm).>*

The glucose-stimulated insulin release assay was performed
as follows. After overnight culture, triplicates of 150 IEQ islets
were incubated with low (1.67 mM) and high (16.7 mM) concen-
trations of glucose in functionality/viability medium CMRL1066
(Mediatech Inc, Manassas, Va) for 1 hour at 37°C. Insulin concen-
trations were measured with an enzyme-linked immunosorbent
assay kit {ALPCO Diagnostics, Salem, NH) and a spectrophotom-
eter (BioTek Instruments, Inc, Winooski, Vt). The stimulation in-
dex was calculated by dividing the insulin concentration in the
high-glacose solution by that in the low-glucose solution on the
basis of 3 independent measurernents.

Islet Culture with Cytokines an
HMGB1 Measurement '

Isolated human islets were cultured in CMRL1066 (Media-
tech, Inc, Manassas, Va) at 37°C in 95% air and 5% CO, for
24 hours after islet isolation. The islets were washed twice with
culture medium after initial culture and then cultured again under
the same conditions without adding cytokines for 48 hours
{(nonstimulation group). In the stimulation group, the islets were
cultured with a cytokine cocktail consisting of 20 ng/mL of re-
combinart human interferon -y, tamor necrosis factor «, and inter-
leukin 18 (Sigma-Aldrich Co, St Louis, Mo) for 48 hours after
medium exchange.**** The amount of HMGB1 in the medium af-
ter culturing for 48 hours was measured with the HMGBI1
enzyme-linked immunosorbent assay kit (IBL - International
GmbH, Hamburg, Germany). The amounts of HMGB]1 in media

© 2014 Lippincott Williams & Wilkins
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TABLE 1. Donor Characteristics
PDP

Variables Control (n = 6) ETKS (n = 6) CSPS (n=6) r
Age,y 51 {20-68] 42 [26-54] 50 (27517 0.62
Sex: female, n (%) 3 (50) 4(67) 3 (50) 0.80
Body weight, kg 93.8 [63.0~115.6] 81.1[72.5-99.8] 97.9 [72.7-125.7] 0.52
Body mass index, kg/m? 30.5 [20.5-44.5] 29.3 [25.0-36.6] 32.8 [24.4-38.1] 0.83
Body surface area, m* ) 1.98 [1.77-2.37] 1.93 {1.76-2.10] 2.13 [1.86-245] 0.20
Cause of death, n (%) 0.70

Cerebrovascular stroke 3 (50) 3(50) 4(67)

Head trauma 3(50) 2(33) 117y

Other 0(0) 17N 1(17)
Mechanism of death, n (%) 0.53

Intracranial hemorrhage or stroke 3 (50) 4(67) 4.(67)

Trauma without abdominal injury 3 (50) 2(33) 1(17)

Cardiovascular 0(0) 0 107
Length of hospitalization, d 4 [3-9] 3 [2-10] 3[1-9] 0.44
Cold ischemia time, min 282 [153-390] 196 [159-394] 167 [82-220] 0.17

Median [range] or numbers (percentage) are shown,

Numerical and categorical values were evaluated with the Kruskal-Wallis test for independent samples and the Pearson 3 square test, respectively.

were normalized to the total DNA of cultured islets (dsDNA As-
say Kit; Molecular Probes, Inc, Eugene, Ore).

In Vivo Assessment

Nude male mice (Harlan, Houston, Tex) were used as the re-
cipients. A single dose (180 mg/dL) of streptozotocin (Sigma-
Aldrich Co, St Louis, Mo) was administered intravenously on
day 2, and hyperglycemia greater than 300 mg/dL was confirmed
twice in each mouse before transplantation. An islet mass of 2500
TEQ as curable dose was injected into the kidney capsule.®
Nonfasting blood glucose levels were measured using Accu-
Chek Aviva (Roche Diagnostics, Indianapolis, Ind) 3 times a
week in all the recipients for 30 days after islet transplantation.
Normoglycemia was defined as 2 consecutive blood glucose
levels reading less than 200 mg/dL.3**? This study was approved
by the institutional animal care and use committee at Baylor Re-
search Institute (Dallas, Tex).

Statistical Assessments

Statistical evaluations were performed with GraphPad Prism
version 6.03 (GraphPad Software, Inc, San Diego, Calif). Numer-
ical and categorical values between the 3 groups were evaluated
with the Kruskal-Wallis test, followed by post hoc Dunn method
for independent samples and the Pearson % square test, respec-
tively. Numerical and categorical data were expressed as median
[range] and number (percentage), respectively. Survival curves
of curative rate were evaluated with the Mantel-Cox log-rank test.
Results were considered statistically significant when a 2-sided
P value was less than 0.05.

RESULTS
Donor Characteristics
Eighteen human islet isolations, 6 in each study group, were

performed for this study between October 2007 and May 2013.
There were no significant differences in donor characteristics

© 2014 Lippincott Williams & Wilkins

among the 3 groups (Table 1), and none of the donors had any
warm ischemia time.

Primary Outcome: Total Islet Yield

The total islet yield postpurification was 304 [168-554] x
10° IEQ in the control group, 674 [481-975] x10° IEQ in the
ETKS group, and 742 [624-1057) % 10° IEQ in the CSPS group
(Fig. 1). Statistically significant differences were found between
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FIGURE 1. Effect of PDP using ETKS or CSPS compared with a control
group for the study’s primary outcome: islet yield after purification,
Dot plots with median (bold bars) and interquartile range (gray bars)
are shown. Significant differences were observed between the -
control and the ETKS and CSPS groups (*P < 0.05 and **P < 0.01).
The dotted line shows 400,000 IEQ; both the ETKS and CSPS groups
resulted in greater than 400,000 IEQ of final islet yield.
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FIGURE 2. Effect of PDP using ETKS or CSP$ compared with a control group for the study’s secondary outcomes: total islet yield postdigestion

(A), islet yield per trimmed pancreas weight postdigestion (B), and islet yield per trimmed pancreas weight postpurification (C). Dot plots
with median (bold bars) and interquartile range (gray bars) are shown. *P < 0.05 and **P < 0.01.

the control and both the ETKS and CSPS groups (P = 0.04 and
P < 0.01) but not between the ETKS and CSPS groups
(P = 1.0). All islet isolations in the PDP groups had more than
400,000 IEQ.

Secondary Outcomes for Islet Isolation

Significant differences between the control and PDP groups
were found for the secondary outcomes for the isolated islet mass:
total islet yield postdigestion, islet yield per trimmed pancreas
weight postdigestion, and islet yield per trimmed pancreas weight
postpurification (Fig. 2). No significant differences, however,
were detected between the ETKS and CSPS groups.

The trimmed pancreas weight was not significantly differ-
ent between the 3 groups (Table 2), but significant differences
were seen in digestion time, undigested tissue weight, and the
proportion of undigested tissue (P = 0.03, P = 0.01, and

= 0.006, respectively).

Islet Quality Assessment

No significant differences were observed in the islet purity
assessment and stimulation index between the 3 groups, but there
was a marginally significant difference in viability between the
control and CSPS groups (Table 2). As shown in Figure 3, there
was no significant difference in the groups’ curative rate on the ba-
sis of an in vivo nude mice assay using human islet preparations

TABLE 2. Islet isolation Results

PDP

Variables Control(n=6)  ETKS@m= CSPS (n=6) P

Pancreas digestion
Trimmed pancreas weight; g 111 [58-150] 111 [68-142] 100 [83-125] 0.75
Digestion tithe, min 19 [14-24] 14 [12-16] 14 [9-16] 0.03*
Dilution time, min 50 [34-58] 50 [26-78] 49 [28-55] 0.83
Undigested tissue weight, g -29 [9-44) 5[1-11] 9 [2-28] 0.01*
Proportion of undigested tissue in trimmed pancreas weight, % 24 [9-39] 6 [1-8] 9 [2-27] 0.006*
Tissue volume postdigestion, mL 38 [20-50] 43 [35-60] 35 [24-45] S 0.22
Total islet yield postdigestion, x 10> IEQ 451 [308-709) 841[638-1284]  830[661-1215]  0.01
Islet yield per pancreas weight, x 10° IEQ/g 4.19 [3.32-5.501 8.97 [4.81-12.2] 8.45 [5.87-14.7] 0.006

Final preparation
Islet yield per pancreas weight, x 10° IEQ/g 2.90 [2.40-4.29] 6.04 [5.04-9.24] 7.61 [5.09-10.5] 0.002
Tissue volume, mL 15 [3-27] 10 [2-12] 10 [5-21] 0.80

~ Recovery rate, % 73 [52-100] 74 [56-100] 91 [70-100] 0.44
Embedded islets, % 20 [8-90] 20 {0-33] 20 [7-51] 0.97
Average purity, % 58 [33-74] 69 [46-75} 64 [52-78] 0.50
Viability, % 98 [95-100} 96 [94-98] 95 [93-96] 0.05*
Stimulation index 21012-69] . 54[1.8-13.2] 0.12

Medians {ranges] are shown.
The Kruskal-Wallis test was performed for stansncal gvaluauon

8.0 [1.0-22.0]

*Results on the pairwise comparison are shown in Supplemental Digltal Content F1g 82, hnp //links. Jww, com/MPA/A320
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FIGURE 3. Effect of PDP in an in vivo nude mice assay. The curative

rates for the control group (solid line, n = 6), ETKS PDP group

(long dotted line, n = 16), and CSPS PDP group (short dotted line,

n =17) are shown. No significant difference in the curative rate was

observed in the 3 groups (P= 0.57).

(P with the Mantel-Cox log-rank test = (.57). Furthermore,
HMGBI levels on the static and cytokine-stimulated conditions
and the fold changes did not show any statistically significant dif-
ferences between the 3 groups (Fig. 4). The proportion of
TUNEL-positive cells in an islet was less than 10% in both PDP
groups, but significant differences were seen between the control
as well as the ETKS and CSPS groups (P < 0.05 and P <0.01, re-
spectively) (Fig. 5). Similar results were observed in the acinar cell
area; the proportions of TUNEL-positive cells in PDP groups
were significantly lower than those in the control (P < 0.05:
Fig. 5B).

DISCUSSION
Preservation of the pancreatic duct is essential in human islet
cell transplantation because wide distribution of collagenase solu-
tion in the pancreatic duct is a critical procedure in pancreas

digestion.*® We examined 2 different solutions of ETKS and
CSPS with higher sodium and lower potassium levels, compared
with UWS, for PDP and found no significant differences in islet
vield or islet quality between the 2 groups but a significant in-
crease in islet yield compared with the control with no intra-
pancreatic duct preservation solution delivery. The final islet
preparations in all isolations in the PDP groups had greater than
4.0 x10° IEQ, which is a hi%})er yield than the isolation success
defined in previous reports.”®*7 Thus, both ETKS and CSPS
can be used for PDP in pancreas preservation and are likely to re-
sult in isolation success. Islet investigators can implement PDP
using either ETKS or CSPS on the basis of what is more accessi-
ble to them; CSPS has been used for islet purification in a multi-
center trial on allogeneic islet transplantation in the United States
and Europe, and ETKS has been applied in Japan,'®**3% In the
United States, ETKS is not commercially available, whereas
CSPS is extensively used in major islet isolation centers. Hence,
on the basis of results from this study, CSPS can be a solution
of choice for PDP.

No statistically significant differences between the ETKS
and CSPS groups were found in the variables related to islet isola- -
tion and ancillary studies as well. The stimulated HMGB1 levels,
the fold change, and the proportion of TUNEL-positive cells were
slightly lower in the CSPS than in the ETKS group, supporting
feasibility of PDP with CSPS. The differences between the 2 solu-
tions include higher level of potassium, containing gluconate and
trehalose and higher osmolality in ETKS versus that containing
lactobionate, raffinose, and histidine in CSPS (Supplemental Dig-
ital Content Table S1, http:/links.lww.com/MPA/A320). Because
the 2 solutions have been developed and investigated with differ-
ent background, ETKS was originally designed for lung preserva-
tion and CSPS was for islet preservation after pancreas digestion,
itis very difficult to mention the effect of individual component in
PDP and islet isolation outcomes.

The effect of PDP in the outcome of pancreatic islet isolation
is still controversial. Nakanishi et al*® showed that PDP was effec-
tive in a rodent model of islet isolation but observed no additive
effect when vascular perfusion was simultaneously performed.
In present study, we obtained islet yields with PDP similar to those
of our previous report, showing significantly higher islet mass of
approximately 6.0 x 10° JEQ when compared with the control.!®
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FIGURE 4. Effect of PDP in an HMGB1 assay assessing islet damage after isolation. No significant differences were seen in the HMGBT1 levels
between the control group, ETKS PDP group, and CSPS PDP group in a static culture (no stimulation) (P = 0.37) (A); a culture with cytokine
stimulation (P=0.15) (B); or fold change (P=0.32) (C). The bar, box, and bold line indicate range, interquartile range, and median, respectively.
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FIGURE 5, Effect of PDP evaluated through a TUNEL assay to count the number of apoptotic cells. A, The proportion of TUNEL-positive cells
in the islet area was significantly lower in the PDP groups than in the control group. B, Similarly, those in the nonislet area were significantly
lower in the PDP groups than in the control group. Representative fluorescent stains of insulin (red), nuclei (blue), and TUNEL (green) are
shown for the ETKS PDP group {C), the CSPS PDP group (D), and the control group (E). *P < 0.05, **P < 0.01. Editor’s note: A color image

accompanies the online version of this article.

We believe that additional benefits of PDP are possible in human
islet isolation because vascular perfusion with UWS or histidine-
tryptophan-ketoglutarate solution was performed in both control
and PDP groups and we consistently obtained higher islet yield
with PDP in this study. Previously, it was shown that PDP signif-
icantly improved the viability of pancreatic duct cells as well as ac-
inar and islet cells, using morphological evaluation with Trypan
blue and TUNEL assay, along with increased islet yield.”*® Pan-
creatic ductal preservation was able to inhibit trypsin activity dur-
ing pancreas digestion.'’® In addition, we reported improved
distribution of collagenase enzyme in human pancreas preserved
with PDP, where the collagenase was successfully detected into is-
let surface area without islet damage.*! Therefore, PDP can con-
tribute to maintaining higher viability of duct cells as well as
acinar and islet cells but also to keeping pancreas microstructure
intact, resulting in significantly higher islet yield. Clinically appli-
cable test(s) such as biomarkers in pancreatic duct fluid or biopsy
using very tiny tissue before islet isolation would provide more re-
liable information on the effect of PDP, and this is an important
area for future study. Of note, pancreas preservation in all 3 groups
was performed with a 2-layer method in the present study; thus, all
groups should have benefits of the 2-layer method in islet isolation
outcomes as well as prevention of cell swelling and apoptosis dur-
ing pancreas preservation. ‘>3

Several limitations should be noted in this study. The mini-
mum number of pancreas donors was calculated by power analy-
sis using our previous observation.'® A larger number of donors
(n = 52 per group for statistical 5=10.8 and o= 0.05 as well as
the 2-tailed test), however, would be required if the anticipated dif-
ference in total islet yield postpurification between the 2 PDP
groups is 1.0 £ 1.8 x 10° TEQ, as shown here. Thus, the power
in this study was not sufficient to detect smaller differences and
further studies with larger cohorts are needed. Also, randomiza-

tion with categorized donor information should be planned to ob- -

tain robust results. This study did not aim to investigate islet
isolation using pancreases with a prolonged cold ischemia time.
Specific clinical biomarker to indicate viability of pancreatic duct
cells should be developed and validated in a large study, which
would provide a link between PDP and islet isolation outcomes
because it was demonstrated that HMGB1 was specifically
expressed in pancreatic islets, not duct cells.?®
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In conclusion, no significant differences in islet isolation out-
comes were observed between the extracellular fluid-like PDP so-
lutions, whereas we congistently achieved isolation success when
PDP was jmplemented. Both ETKS and CSPS can be safely used
for PDP. Further study with a larger number of pancreas donors
and well-planned randomization should be undertaken to compare
the effect of PDP solutions.
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