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insulin, glucagons, and somatostatin with minimal inflam-
matory cell infiltration (Fig. 4). The secondary grafts
from the original donor strain were rejected on days 15,
37, and 42, respectively, which was somewhat delayed
when compared to controls (11.9 + 0.8 days).

Microarray Gene Expression Profile After 3-Day
Culture of MMC-Treated Islets

We compared the gene expression profile of MMC-
treated and untreated islets cultured for 20 h and 3 days
following MMC treatment. The genes expressed in
MMC-treated islets followed by 20-h culture were com-
pared to those of islets in culture alone. The fold change
(FC) in gene expression of MMC-treated islets was quite

GUNJLET AL.

similar to that of islets in culture alone when the values
were plotted in relation to the expression value of the
cultured alone islets (Fig. 5a). Upregulation (FC >2) and
downregulation (FC <0.5) of gene expression was de-
tected in 9 and 16 genes, while most of the remaining
1067 genes among 1091 were within the values of 0.5 <
FC < 2.0. On the other hand, prolongation of the culture
period to 3 days induced various changes in gene ex-
pression, which included the upregulated expression of
442 genes and the downregulated expression of 158
genes with 490 genes within the value of 0.5 < FC < 2.0
(Fig. 5b). Similarly, MMC treatment followed by 3-day
culture resulted in upregulated expression of 236 genes
and downregulated expression of 155 genes with 699

Figure 4. Immunohistological study of long-term functioning graft. One (No. 7557) of the long-term functioning xenografts was
sacrificed on day 135 postgrafting and stained with H&E (a), anti-insulin (b), anti-glucagon (c), and anti-somatostatin (d) antibodies
(original magnification x40). The islet xenografts showed intact hormone-containing cells with minimal infiltration of inflammatory

cells.
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genes being within the value of 0.5 < FC < 2.0 (Fig. 5¢),
suggesting that MMC treatment tended to downregulate
the expression of many genes.

To determine the MMC-treatment associated gene
expression profile rather than culture related effect, we
compared the gene expression of MMC-treated and non-
treated islets in culture for 3 days (Fig. 5d). Twenty-five
upregulated genes (FC >5) were found in MMC-treated
islets, with an expression value of >100 (Table 1). Fur-
thermore, three downregulated (FC <0.2) genes were
identified in cultured islets with an expression value of
>100 (Table 1). Among upregulated genes, TGF-f, as
well as type II activin receptor, which binds TGF-f su-
perfamily, were both highly upregulated following MMC
treatment compared to culture alone.

TGF-B Protein Expression of MMC-Treated and 3-Day
Cultured Islets

To determine whether the strong upregulation of
TGF-B mRNA expression detected in MMC-treated is-
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lets was associated with production of TGF-B protein
within the islets, we analyzed TGF-B protein expression
in MMC-treated islets (Fig. 6). Although vital staining
of islets in both groups showed relatively compact
shapes with some islets having Pl-positive areas in the
center, the process of fixing and embedding in paraffin
affected the vulnerability of nontreated islets, compared
to MMC-treated islets. TGF-P was expressed strongly in
peripheral areas of MMC-treated islets (grade 4) com-
pared with those of nontreated islets (grade 3).

DISCUSSION

We previously reported that crude digested islets pre-
treated with MMC prolonged graft survival time in a
xenogeneic rat-to-mouse model when they were cultured
at 37°C for 20 h (8). While the difference was signifi-
cant, all xenografts eventually showed signs of rejection
within 35 days. In this study, we extended the culture
period up to 7 days. Marked prolongation of graft sur-
vival time was noted when MMC-treated islets were
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Figure 5. Gene expression of MMC-treated islets followed by 20-h or 3-day culture. Expression levels of various genes in MMC-

treated islets cultured for 20 h (a) or 3 days (b) and those of untreated islets cultured for 3 days (c) were compared to those in
untreated islets cultured for 20 h. Gene expression of MMC-treated and nontreated islets in culture for 3 days were compared
between the two groups (d). Data are fold changes at 5,1, or 0.2.
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Table 1. Marked Up- or Downregulated Genes Following MMC Treatment and Culture for 3 Days Over Culture Alone

Genbank Fold
Affy No. No. Gene Title Functions Change
Upregulated
705 U03491 transforming growth factor-3 (TGF-B3) growth factors, cytokines,
and chemokines 5.01
741 M32167 glioma-derived vascular endothelial cell growth factor  growth factors, cytokines,
and chemokines 7.30
152 M35105 rosl proto-oncogene growth factor & chemokine
receptors 5.09
534 X61479 macrophage colony-stimulating factor I receptor growth factor & chemokine
(CSFIR) receptors 6.57
536 U54791 LCR-1; G protein-coupled receptor growth factor & chemokine
receptors 5.23
559 S48190 type II activin receptor growth factor & chemokine
receptors 8.27
562 MB4009 dopamine receptor D4 (D4 receptor; DRD4) neurotransmitter receptors 24.01
1067 547609 adenosine A2A receptor (ADORA2A) other receptors (by ligands) 20.28
158 M86389 heat shock 27-kDa protein (HSP27) heat shock proteins 6.15
162 X9639%4 multidrug resistance protein (MRP) drug resistance proteins 8.83
750 U10156 growth hormone-releasing hormone (GHRH) neuropeptides 11.36
896 L.29090 guanine nucleotide-binding protein G(i¥G(sYG(t) beta  G-proteins
subunit 3 13.21
892 L19699 Ral B; GTP-binding protein GTP/GDP exchangers and
G-protein; GTPase activity
modulators 7.17
1098 us7715 fibroblast growth factor receptor-activating protein 1 adaptors and receptor-associ-
(FRAG1) ated proteins 10.65
453 M17086 cAMP-dependent protein kinase type [ alpha regula- kinase activators and inhibi-
tory subunit (PRKARLA) tors 11.74
353 L20822 syntaxin 5 (STX5) targeting 6.44
355 M95735 syntaxin 1B (STX1B) targeting 7.19
350 D28512 synaptotagmin III (SYT3) general trafficking 15.55
178 J02627 cytochrome P450 2E1 (CYP2E1) simple lipid metabolism 9.06
373 M64797 testis fructose-6-phosphate 2-kinase/fructose 2,6-bipho-  simple carbohydrate meta-
sphate (testis 6PF-2-K/fru-2,6-P2ase) bolism 10.51
376 AF019973 neuron-specific enolase (NSE) energy metabolism 43.58
186 D83044 organic cation transporter 2 (OCT2) xenobiotic transporters 5.28
184 AF008221 + renal organic anion transporter (ROAT1) + multispe- xenobiotic transporters
ABO04559 cific organic anion transporter (OATI) ] 11.51
253 MB88751 voltage-gated dihydropyridine-sensitive L-type calcium  voltage-gated ion channels
channel beta 3 subunit (CCHB3) 8.81
977 M16736 growth-accentuating protein 43 (GAP43) functionally unclassified 8.85
Downregulated
56 D26307 junD proto-oncogene basic transcription factors 0.10
809 D31873 LIM domain kinase 1 (LIMK1) nonreceptor protein kinases 0.07
983 L12382 ADP-ribosylation factor 3 (ARF3) trafficking/targeting proteins 0.03

transplanted after 40 h or 3 days in culture following
MMC treatment. Half of rat islet grafts survived indefi-
nitely in B6 recipient mice with chemically induced dia-
betes. Although culture alone induced some prolonga-
ton of graft survival, the grafts were all eventually
rejected.

Various modalities have been used to immunomodu-

late islet graft survival. These include islet culture
(11,25), ultraviolet irradiation (UV) (15), specific mono-
clonal antibodies such as anti-Ia (4), anti-dendritic cells
(5), and anti-ICAM-1 molecules (7). However, it has
been difficult to produce indefinite survival of xenoislets
without host immunosuppression except in one report by
Hardy et al. (9), who showed that UV-irradiated Lew
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islet xenografts could survive indefinitely in B10.BR re-
cipient mice. However, this was not the case when the
same islets were grafted into Balb/C mice, which even-
tually rejected them before 90 days postgrafting. In most
of these experiments as well as those reported by Hardy
et al., handpicked islets were used, which are less immu-
nogenic compared to crude-digested islets that contain
highly immunogenic contaminants. In the present study,
we used crude-digested islets to test the feasibility of a
treatment modality for preclinical islet transplantation.
We investigated the appropriate dose of MMC neces-
sary to induce graft prolongation but not islet toxicity.
We reported that MMC at doses of 10, 32, 50 and 100
pe/ml are effective for prolongation of graft survival,
while glucose metabolism posttransplantation deterio-
rated when the dose exceeded 32 pg/ml in a rat-to-
mouse combination (8). In a mouse model, a significant
adverse effect was detected in both isografts and allo-
grafts when the dose of MMC was >32 pg/ml at 3 to 5

days postgrafting, whereas no adverse effect was found
in mice bearing long-term functioning isografts regard-
less of the dose of MMC (3.2, 10, 32, 100 pg/ml) (17).

To consider the application of this treatment for hu-
man patients, it is necessary to evaluate the effect of
MMC treatment on islets prior to transplantation. In this
study, we examined islet viability by vital staining of
islets and insulin secretory capacity in response to glu-
cose and compared those data with previous in vivo
findings. Vital staining using AO and Pl demonstrated
that MMC at doses <32 pg/ml appeared to be nontoxic
without increasing the number of AO-positive cells. In-
sulin secretory capacity in response to glucose, which is
a gold standard test for islet function in vitro, showed
that the stimulation index was maintained when the
MMC dose was <32 pg/ml. Both in vitro studies indi-
cated that MMC treatment at a dose <32 pg/ml 1s non-
toxic and preserves islet function at 20 h following
MMC treatment. This finding correlates well with the

Figure 6. Vital staining and immunohistological study of MMC-treated and nontreated islets cultured for 3 days. MMC-treated (b,
d) and nontreated islets (a. ¢) that were cultured for 3 days were stained by Pl and AO (a, b), and were immunohisotologically
studied using anti-TGF-B antibody (c. d). Vital staining of islets in both groups showed relatively compact shape with some islets
having PI-positive areas in the center TGF-B was expressed strongly in peripheral areas of MMC-treated islets as compared with

those of nontreated islets.
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previous results of an in vivo study (17), suggesting that
these modalities could be applicable for testing viability
after MMC treatment in human islet preparations.

Previous studies showed that culture alone did not in-
duce indefinite survival of rat islets in mouse recipients
even with a variety of modifications, including tempera-
ture (11), high oxygen concentration (14), and culture du-
ration (25). This study also showed that prolongation of
the culture period alone induced a significant, but only
marginal, effect on protection of grafted islets from im-
mune destruction. MMC treatment had a significant im-
pact on graft survival time over culture for 20 and 40 h
and 3 days, but not for 4 h or 7 days. Thus, there is a
critical window in the post-MMC culture period that is
necessary for significant graft survival. We previously
showed that transient upregulation of TGF-f was re-
sponsible for prolongation of graft survival in a study
using MMC-treated and 20-h cultured islets (10). Ex-
tending culture periods up to 40 h or 3 days induced
further prolongation of graft survival time. Furthermore,
some kind of unresponsiveness was induced in animals
bearing long-term functioning grafts.

To determine the effect of MMC treatment on islets
during the culture period, we examined the gene expres-
sion profiles of MMC-treated islets and found 25 rela-
tively high-grade upregulated genes and 3 relatively
high-grade downregulated genes. The highly upregu-
lated genes (FC >20) included neuron-specific enolase,
dopamine receptor D4, and adenosine A2A receptor,
which were reported to be involved in the glycolytic
pathway (18), neural-immune interactions (20), and sig-
naling reactions (13), respectively. Interestingly, TGF-B,
as well as type II activin receptor, which binds TGF-
superfamily (24), were both highly upregulated follow-
ing MMC treatment compared to culture alone. TGF-f§
superfamily of ligands and receptors are known to stim-
ulate cellular events in diverse processes ranging from
cell fate specification during development to immune
suppression (16). Data of microarray analysis were con-
sistent with the immunohistological study of MMC-
treated islets in which TGF-f upregulation was demon-
strated after culture for 3 days. There have been some
reports on various gene expressions of pancreatic islets
during culture (3) or tolerated islets after transplantation
(12); however, it is not yet determined which gene ex-
pression would be responsible for tolerance induction.
In this study we were able to show that MMC treatment
induced a variety of up- or downregulated genes. One of
the responsible genes is upregulated TGF-B, and others
hopefully will be identified in the future.

In conclusion, MMC pretreatment of rat islets and
culture for 3 days at 37°C induced marked prolongation
of graft survival in nonimmunosuppressed recipient
mice, with half of the grafts surviving indefinitely. This

GUNIJI ET AL.

effect was obtained within a specific culture period and
was supported by microarray gene profile analysis. The
results of these two manipulations were reproducible
and may offer a strategy for the preclinical application
of this protocol in human islet transplantation.

ACKNOWLEDGMENTS: This work was supported in part by
grants from the Japanese Ministry of Education, Culture,
Sports, Science and Technology and in part by a Grant-in-Aid
for Research on Human Genome, Tissue Engineering Food
Biotechnology, Health Sciences Research Grants, Ministry of
Health, Labor and Welfare of Japan.

REFERENCES

1. Bank, H. L. Rapid assessment of islet viability with acri-
dine orange and propidium iodide. In Vitro Cell. Dev.
Biol. 24:266-273; 1988.

2. Bell, E.; Cao, X.; Moibi, J. A_; Greene, S. R.; Young,
R.; Trucco, M.; Gao, Z., Matschinsky, F. M.; Deng, S;
Markman, J. F.; Naji, A.; Wolf, B. A. Rapamycin has a
deleterious effect on MIN-6 cells and rat and human islets.
Diabetes 52:2731-2739; 2003,

3. Berg, T.; Wu, T.; Levay-Young, B.; Heuss, N.; Pan, Y.;
Kirchhof, N.; Sutheriand, D. E.; Hering, B. 1.; Guo, Z.
Comparison of tolerated and rejected islet grafts: A gene
expression study. Cell Transplant. 13(6):619-629; 2004.

4. Faustman, D.; Hauptfeld, V.; Lacy, P.; Davie, J. Prolonga-
tion of murine islet allograft survival by pretreatment of
islets with antibody directed to Ia determinants. Proc.
Natl. Acad. Sci. USA 78:5156-5159; 1981.

5. Faustman, D. L.; Steinman, R. M.; Gebel, H. M.; Haupt-
feld, V.; Davie, ]. M.; Lacy, P. E. Prevention of rejection
of murine islet allografts by pretreatment with anti-dendritic
cell antibody. Proc. Natl. Acad. Sci. USA 81:3864-3868;
1984,

6. Gotoh, M.; Maki, T.; Kiyoizumi, T.; Satomi, S.; Monaco,
A. P. An improved method for isolation of mouse pancre-
atic islets. Transplantation 40:437—438; 1985.

7. Grochowiecki, T.; Gotoh, M.; Dono, K.; Takeda, Y.;
Sakon, M.; Yagita, H.; Okumura, K.; Miyasaka, M.;
Monden, M. Induction of unresponsiveness to islet xeno-
graft by MMC treatment of graft and blockage of LFA-1/
ICAM-1 pathway. Transplantation 69:1567-1571; 2000.

8. Griochowiecki, T.; Gotoh, M.; Dono, K.; Takeda, Y.;
Nishihara, M.; Ohta, Y.; Ota, H.; Ohzato, H.; Okuyama,
M.; Shimizu, J.; Kimure, F.; He, L.; Nagano, H.; Naka-
mori, S.; Umeshita, K.; Sakon, M.; Monden, M. Pretreat-
ment of crude pancreatic islets with mitomycin C prolongs
graft survival time in xenogeneic rat-to-mouse model.
Transplantation 67:1474-1477; 1999.

9. Hardy, M. A_; Lau, H.; Weber, C.; Reemtsma, K. Pancre-
atic islet transplantation. Induction of graft acceptance by
ultraviolet imradiation of donor tissue. Ann. Surg. 200:
441-450; 1984.

10. Ise, K.; Kanazawa, Y., Sato, Y.; Matsuyama, S.; Gunji,
T.; Endo, Y.; Hojo, H.; Abe, M.; Gotoh, M. Survival of
mitomycin C-treated pancreatic islet xenografis is medi-
ated by increased expression of transforming growth fac-
tor-beta. Transplantation 77:907-914; 2004.

11. Jaeger, C.; Wohrle, M.; Bretzel, R. G.; Federlin, K. Effect
of transplantation site and culture pretreatment on islet xe-
nograft survival (rat to mouse) in experimental diabetes
without immunosuppression of the host. Acta Diabetol.
31:193-197; 1994.

~ 269 -



LONG-TERM XENOGRAFT SURVIVAL INDUCED BY MMC TREATMENT AND CULTURE

12.

13.

15.

16.

17.

18.

19.

Johansson, U.; Olsson, A.; Gabrielsson, S.; Nilsson, B.;
Korsgren, O. [nflammatory mediators expressed in human
islets of Langerhans: Implications for islet transplantation.
Biochem. Biophys. Res. Commun. 308(3):474—479; 2003.
Klinger, M.; Freissmuth, M.; Nanoff, C. Adenosine recep-
tors: G protein-mediated signaling and the role of acces-
sory proteins. Cell. Signal. 14:99-108; 2002.

. Lacy, P. E.; Finke, E. H.; Janney, C. G.; Davie, J. M.

Prolongation of isket xenograft survival by in vitro culture
of rat megaislets in 95% O,. Transplantation 33:588-592;
1982.

Lau, H.; Reemisma, K.; Hardy, M. A. Prolongation of rat
islet allograft survival by direct ultraviolet irradiation of
the graft. Science 223:607-609. 1984.

Lucthviksson, B. R.; Gunnlaugsdottir, B. Transforming
growth factor-beta as a regulator of site-specific T-cell in-
flammatory response. Scand. J. Immunol 58:129-138,
2003

Matsuyama, S.; Gunji, T.; Ise, K.; Sato, Y.; Saito, T.;
Gotoh, M. Permanent acceptance of mitomycin C-treated
islet allograft. Transplantation 76:65-71; 2003.

Piast, M.; Kustrzeba-Wojcicka, L; Mawsiewicz, M.
Banas, T. Molecular evolution of enolase. Acta Biochim.
Pol. 52:507-513; 2005.

Robertson, R. P.; Lanz, K. J.; Sutherland, D. E.; Kendall,
D. M. Prevention of diabetes for up to 13 years by autois-

21.

22,

24,

- 270 -

629

let transplantation after pancreatectomy for chronic pan-
creatitis. Diabetes 50:47-50; 2001.

. Santambrogio, L.; Lipartiti, M.; Bruni, A.; Dal Toso, R.

Dopamine receptors on human T- and B-lymphocytes. I.
Neuroimmunol. 45:113-119; 1993.

Shapiro, A. M.; Lakey, J. R.; Paty, B. W.; Senior, P. A,
Bigam, D. L.; Ryan, E. A. Strategic opportunitics in clini-
cal islet transplantation. Transplantation 79:1304-1307:
2005.

Shapiro, A. M.; Lakey, J. R.; Ryan, E. A.; Korbutt, G. S,
Toth, E.; Wamock, G. L; Kneteman, N. M.; Rajotte,
R. V. Islet transplantation in seven patients with type 1
diabetes mellitus using a glucocorticoid-free immunosup-
pressive regimen. N. Engl. J. Med. 343:230-238; 2000.

. The Japan Society for Pancreas and Islet Transplantation.

Manual for clinical islet transplantation in Japan. Fukus-
hima: The Japan Society for Pancreas and Islet Transplan-
tation; 2006.

Thompson, T. B.; Woodruff, T. K.; Jardetzky, T. S. Struc-
tures of an ActRIIB:activin A complex reveal a novel
binding mode for TGF-beta ligand:receptor interactions.
EMBO J. 22:1555-1566; 2003.

. Yasunami, Y.; Lacy, P. E.; Davie, J. M.; Finke, E. H.

Prolongation of islet xenograft survival (rat to mouse) by
in vitro culture at 37°C. Transplantation 35:281-284;
1983.



REPUBLISHED PAPER

Pancreas preservation for pancreas and islet transplantation

b

Yasuhiro lwanaga® :

Klearchos K. Papas

*Transplantation Unit, Kyoto University Hospital, Kyoto,
Japan and t of Surgery, Division of
Transplantation, University of Minnesaota, Minneapolis,
USA

Correspondence to David ER. Sutherland, MD, PhD,
Department of Surgery, University of Minnesota, MMC
280, 420 Delaware Street SE, Minneapolis, MN
56456, USA

Tel: +1 612 625 7600; e-mail: dsuther@umn.edu

Current Opinion in Organ Transplantation 2008,
13:445-451

David E.R. Sutherland®, James V. Harmon® and

Purpose of review

To summarize advances and limitations in pancreas procurement and preservation for
pancreas and islet transplantation, and review advances in islet protection and preservation.
Recent findings

Pancreases procured after cardiac death, with in-situ regional organ cooling, have been
successfully used for islet transplantation. Colloid-free Celsior and histidine-tryptophan-
ketoglutarate preservation solutions are comparable to University of Wisconsin solution
when used for cold storage before pancreas transplantation. Colloid-free preservation
solutions are inferior to University of Wisconsin solution for pancreas preservation prior to
isletisolation and transplantation. Clinical reports on pancreas and islet transplants suggest
that the two-layer method may not offer significant benefits over cold storage with the
University of Wisconsin solution: improved oxygenation may depend on the graft size;
benefits in experimental models may not translate to human organs. Improvements in islet
yield and quality occurred from pancreases treated with inhibitors of stress-induced
apoptosis during procurement, storage, isolation or culture. Pancreas perfusion may be
desirable before islet isolation and transplantation and may improve islet yields and quality.
Methodsforreal-time, noninvasive assessment of pancreas quality during preservation have
beenimplemented and objective islet potency assays have been developed and validated.
These innovations should contribute to objective evaluation and establishment of improved
pancreas preservation and islet isolation strategies.

Summary

Cold storage may be adequate for preservation before pancreas transplants, but
insufficient when pancreases are processed for islets or when expanded donors are
used. Supplementation of cold storage solutions with cytoprotective agents and
perfusion may improve pancreas and islet transplant outcomes.

Keywords
islet isolation, islet transplants, pancreas preservation, pancreas procurement,
pancreas transplants
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Introduction

experienced by the islets during the isolation and puri-
fication process. In addition, we provide a brief review of

Pancreas and islet transplants are two options for patients
who, becausc of serious diabetic conditions, will benefit
from B-cell replacement The numbers of clinical
pancreas transplants have increased cxponentially and
outcomes have improved markedly, especially during the
past two decades [1]. The improvements in outcomes are
ateributed to better recipient care with respect to surgical
techniques and immunosuppressive regimens and to
better organ procurement and preservation protocols.
In chis review, we summarize the recent literature regard-
ing the current state-of-the-art in pancreas procurement
and preservation. OQur focus is on pancreas prescrvaton
before islet isolation, which appears to have more
stringent requirements than pancreas preservation for
whole-pancreas transplants, due to the added stresses

current advances in islet protection and preservation
during isolation and culture.

Pancreas procurement

There are several well established techniques for mulci-
organ procurement. The two main techniques for pancreas
are en-bloc procurement, and in-vivo dissection [2].

In a recent report, Brockmann er @/ [3°] performed a
meta-analysis of the literature on organ procurement for
transplants and favored rapid en-bloc removal of the
abdominal organs with separation on the back table.
Dalle Valle e¢# a/. [2] reported that pancreas grafts
procured by in-vivo dissection and in-situ separation

1087-2418 © 2008 Wolters Kluwer Health | Lippincott Williams & Wilkins
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maintained excellent quality. Dalle Valle noted that suc-
cessful in-vivo dissection was influenced by the experi-
ence and ability of the operating surgeons, morc so than
when the back-table technique was used, suggesting that
the back-table technique might be preferred in the
absence of a dedicated team of experienced surgeons.

The techniques described above are most likely suffi-
cient for organ procurement from brain-dead donors, but
they may be inadequate for procurement of organs from
donors after cardiac death. The increasing demand for,
and limited availability of, organs for transplants have
prompted the use of pancreases procured from donors
after cardiac death [4]. Such pancreases have also recently
been successfully processed for islets and used for clinical
islet transplanes in Japan [5,6,7,8%]. The in-situ regional
organ cooling system originally developed for kidney
procurement [9] was modificd for pancreas procurement
[8°]. After confirmation of brain death, a double-balloon
catheter is inserted into the aorta through the femoral
artery; the tip of the double-balloon catheter is placed
above the level of the celiac axis [9]. Ultrasound is used to
confirm balloon placement. In order to prevent warm
ischemic damage, regional in-situ cooling of the pancreas
and kidney is achicved by infusion of a hypothcrmic
preservation solution. The flush is initiatcd immediately
after the donor’s cardiac arrest and continued until organ
procurement is complete. A venous catheter is also placed
in the inferior vena cava via the femoral vein to vent
the perfusate.

Pancreas preservation for pancreas
transplantation

The two main mecthods used for experimental and
clinical organ preservation are static cold storage, which
we will simply refer to as cold storage, and machine
perfusion [10-20,21%,22%,23-34,35%,36,37°,38-44]. The
hypothermic pulsatile machine perfusion technique
originally developed by Carrel and Lindbergh in 1935
[45—47] has been widely used for clinical kidney trans-
plancs [48] but not for clinical pancreas preservation.

Early experiments with canine segmental pancreas grafts,
reported by Florack e a/. [16], demonstrated that failure
rates with machine perfusion were 30% at 24 h and 40% at
48 h. There were no failures at 24 and 48h with cold
storage. These results, along with the complexitics
associated with machine perfusion of the pancreas, have
madec cold storage the preferred and most widely used
method for pancreas preservation [44].

Pancreases preserved with cold storage and transplanted
immediately as vascularized grafts nearly always restore
insulin independence in the recipient. When pancreases
are preserved for islet transplantation, two to three

donor pancreases may be required per recipient to
achieve insulin independence [49Y], in some but not all
centers [50].

The need for more than one donor pancreas per recipient
for islet transplants may be auributed to at least three
problems: first, to the lower quality of pancreases sclected
and offered for islet transplants compared with those
organs offered for whole-pancreas transplantation; second,
to exposure of islets to a series of damaging physicochem-
ical stresses during isolation that may amplify the damage
caused during cold storage; and third, to the further
damage of islets during purification and culrure [38].

University of Wisconsin solution (UWS) has been the
standard preservation solution for pancreas transplan-
tation for almost 20 years [36]. Recently, multiple reports
have suggested that other preservation solutions may be
effective alternatives to UWS [18-20,22°].

In 2006, Englesbe er al. [21°] reported the results of a
multicenter study using histidine-tryptophan-ketogluta-
rate (HTK). The study population consisted of 77 con-
secutive pancreas recipients: 41 were in the UWS group
and 36 were in the HTK group. Pancreas graft function, at
90 days posttransplant, the technical graft loss rates, and
the pancreatic leak rates were similar between the
groups, with no significant differences in postoperative
amylasc and lipase levels. Similarly, in 2007, Becker ez /.
[22°] reported no significant differences in patient
survival or graft survival between UWS (2=47) and
HTK (n = 48) groups. Furthermore, peak lipase on post-
operative day 1, serum amylase and C-reactive protein
were not significancly different between the two groups.
Some reports, including the one by Becker & al. [227],
have indicated that HTK-flushed pancreata appearcd
more edematous [18-20,21°,22°]. However, this edema
did not appcar to impair carly graft functon [22°].

Celsior, an extracellular, low-viscosity preservation
solution originally designed for heart transplantation has
also been used for experimental pancreas [23-25] and
other organ preservation [26-32]. For whole-pancreas
transplantation, the usc of Celsior has been controversial
[23-25). Baldan eza/. [24] demonstrated that Celsior was an
effective alternative to UWS for pancreas procurement in
a pig autotransplant model, whereas Uhlmann &# al. [25]
reported, using the same model, that the use of Celsior was
associated with increased ischemia-reperfusion injury,
when compared with UWS. Recently, in a pig allotrans-
plant model, Garcia-Gil ez a/. [33] demonstrated that lipid
peroxidation after reperfusion of pancreases preserved in
Celsior and UWS was similar.

The first prospective, randomized study comparing
UWS (n = 50) with Celsior (#=50) for clinical pancreas
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transplants was recently reported by Boggi ez a/. [34]. The
authors demonstrated that Celsior and UWS had similar
safety profiles for pancreas preservation. Another study
reported by Manrique & 4/ [35%] comparing Celsior
(n=28) with UWS (n=44) for pancreas preservation
demonstrated that 2-year recipient survival rates, 2-year
graft survival rates, pancreas leakage rates, and clinical
graft pancreatitis rates were similar in both groups.

Pancreas preservation for Islet
transplantation

UWS has been used since the 1980s as the pancreas
preservation solution [36] for clinical islet transplants.
Salehi er a/. [37"] recently reported that islet yields from
human pancreases preserved in HTK or UWS were
equivalent. A recent study by Hubert er 2/. [51°], demon-
strated that the islet isolation yields, as measured in islet
cquivalents per gram pancreas, from pancreases pre-
served with Celsior solution were 2.1-fold lower than
those obtained when UWS was used (P < 0.05). Based
on these results, Hubert ez 2/. [51°] suggested that colloid-
free preservation solutions might be suboptimal for pan-
creas perfusion and cold storage prior to islet isolation and
transplantation [38].

Two French groups recently demonstrated the possib-
ility of clinical application of solution de conservation
d’organes et de tissus (SCOT), which has been shown to
have some immunoprotective effects on islet cells.
SCOT, an extracellular solution containing polyethylene
glycol (PEG), is an oncotic agent, which may induce
immunocamouflage of the graft’s surface antigens [52].
In addition, Hubert er a/. [51°] demonstrated that cell
swelling and pancreas edema were not significant
following 12h of cold storage with SCOT, compared
with UWS - a finding that may be related to the presence
of PEG. Giraud e a/. [53] demonstrated that SCOT could
improve islet yield when used during isolation and could
prolong islet allograft survival without immunosuppres-
sion when used for culture, as compared with control
solutions.

There is consensus among the major islet transplantation
centers that islet yields and quality can be improved with
bertter pancreas procurement techniques and by the use
of cold-preservation techniques that are not necessarily
nceded for whole-pancreas transplants. The two-layer
method (TL.M) for pancreas preservation is an example
of a coordinated effort to improve islet yicld and quality
by improving pancreas oxygenation during preservation.
In 2002, the University of Minnesota [38], University of
Miami [39], and University of Alberta [40,41] reported
that the TLM improved islet yield and increased islet
transplant opportunities. Since then, the TLM has been
widely used by islet transplant centers worldwide.
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The mechanisms by which the TLM improves human
islet yield and qualicy are not fully understood. A standard
cxplanation is the improved oxvgenation of the pancreas
during cold storage with the TLM. It has been suggested
that during islet isolation and transplantation, apoptosis is
mitated and executed mainly through the mitochondrial
and mitogen-activated protein kinase (MAPK) pachways
[54-56]. Matsuda ez 4/, using a rat model [57], and
Ramachandra ez @/, using human pancreases [58°°],
demonstrated improved islet yield from pancreata pre-
served with the TLM. These results may be attributed to
mhibition of apoptosis mediated by the mitochondrial
pathway.

Noguchi ez a/. [59%], using a pig model, reported that the
isler yield from pancreases preserved with the TLM
using a modified ET-Kyoto solution (Otsuka Pharma-
ceutical Facrory, Inc., Tokyo, Japan) was significantly
higher when compared with the TLM using UWS.
Interestngly, Noguchi ez a/. found no significant differ-
ence in islet viability, in-vitro or in-vivo function between
the two preservation methods [59%]. They also recently
demonstrated improvements in islet isolation using
M-Kyoto solution [60°] instead of UWS [61] for ductal
injection. They hypothesized that M-Kyoto solution is
less likely to inhibit collagenase activity than UWS [62].

Brandhorst ez a/. [63], demonstrated that a simpler pres-
ervation method, the one-layer method (OLM), using
oxygenated perfluorocarbon, could be used as an alterna-
tive to the TLM. They suggested that short-term storage
in oxygenated perfluorocarbon improved the in-vitro but
not the in-vivo function of pig islets that were damaged
by warm ischemia. Three hours of additional pancreas
‘oxygenation’ with the OLM significantly increased
ATP content in pig islets exposed to 30 min of warm
ischemia, resultung in recovery of in-vitro function but not
in significant improvements in posttransplant functon
[64°]. These observations are quite intcresting as the
perfluorocarbon does not contain any substrate for
ATP regeneration, does not contain any additives with
anrioxidant properties, and does not include any of the
compounds that are expected to prevent cellular edema
during cold storage.

In contrast to observations by Brandhorst ez 4/ in the
porcine model, Kuroda’s group [65], using a rat transplant
model, demonstrated that pancreata damaged by 30 min
of warm ischemia were restored after 3h of TLM pres-
ervation [63]. These discrepancies may be cxplained
by species-dependent differences in pancreas size and
texture [66°]. Porcine and human pancreata are much
thicker, and are often covered by significant amounts of
fat, as compared with canine pancreases. Papas ez a/. [67],
using a porcine model, demonstrated that only 15% of the
total pancreatic volume was oxygenated during TLM
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preservation with oxygen-saturated perfluorocarbon,
suggesting the need for substantial improvement in pan-
creas oxygenation and preservation, even when the TLM
1s uscd.

Inarecent large-scale clinical study, the Edmonton group
[68°] demonstrated no beneficial effect of the TLM with
preoxygenated perfluorocarbon on islet isolation and islet
transplant outcomes (#=75). In addition, the Uppsala
group [69°°] recently reported results from 200 islet
isolations, and found that the TLM did not improve islet
isolation or clinical outcome posttransplant.

The 2007 Annual Report of the Collaborative Islet Trans-
plant Registry (CITR) [70] provided information on islet
characteristics with regard to pancreases preserved by the
TLM or UWS. The data were collected from the 31 active
islet transplant programs in North America from 1999 to
2006. According to the dara, islet yields did not signifi-
cantly differ between pancreata preserved with the TLM
(366,467 + 11,418, n=161) or UWS (390,532 + 7,440,
n = 330). Addidonal information on islet viability did not
reveal any substantial differences between the two groups.
The membrane integrity tests, however, utilized for gen-
crating the reported viability data are known to be insen-
sitive [71]. In addition, the retrospective analysis reported
by the CITR did not indicate the exact methods of
perfluorocarbon oxygenation in the TLM, (sarurated
compared with continuous oxygen supply), the duration
of cold ischemia in the two groups, or any relationship or
overlap between the pancreas procurement teams and the
processing and infusion teams.

The different perfluorocarbon oxygenation mcthods
(presaturated without replenishment compared with
continuous oxygen supply) arc unlikely to explain the
controversial findings on the benefits of the TLM in
pancreas preservation. Even in the best-casc scenario for
oxygenation (perfluorocarbon continuously bubbled and
fully saturated with oxygen), the oxygen penctration depth
cannot be expected to exceed 1 mm, leavinga large portion
of human and porcine pancreata oxygen-limited [66°,67].

It is hypothesized that more sophisticated preservation
protocols may be necessary and should replace cold
storage, with or without TLM, in order to improve islet
yiclds and quality. This is supported by recent data [73°]
indicating that machine perfusion of porcine pancreascs
for 24 h improved isolation yiclds by approximately three-
fold compared with cold storage and by approximately
two-fold compared with fresh procurement. The mech-
anisms behind these improvements are unclear; it has
been suggested that edema caused by perfusion may
facilitate more efficient islet isolation [73°]. In addition,
intermittent capillary perfusion at low flow rates may
facilitate pancrcas preservation by maintaining better

functional capillary density, compared with cold storage
[74]. Capillary perfusion may be important for pancreas
transplants, but may be less of an issuc for islet trans-
plants.

The implementation of recently developed tools for
pancreas and islet quality assessment [71,727] is expected
to contribute to morc thorough and sensitive evaluation
of existing, as well as much-needed new, pancreas pres-
ervation strategies, and perhaps help answer some of the
long-standing questions in the ficld.

Islet protection and preservation

Goto ¢ al. recently exploited the ability of perfluorocar-
bon to store high amounts of oxygen to better oxygenate
islets during the isolation process [75°]. They demon-
strated that the use of oxygenated perfluorocarbon during
islet isolation resulted in improved islet yield and quality,
which suggests that hypoxia during islet digestion may
damage islets [75%].

Ichii e al [76°°] demonstrated that the addition of
nicotinamide to the processing medium significantly
improved islet yield and increased the success rate of
isolation. Nicorinamide, a cytoprotective compound,
may amelioratc injurics caused by oxidative stresses
and various cytokines. In addition, nicotinamide supple-
mentation of the processing medium reduced the islet
production of tissue factor, which may trigger thrombotic
reactions after portal islet infusion. Nicotinamide also
reduced the islet production of macrophage chemoattrac-
tant protein (MCP-1), which has a potent chemotactic
activity for monocytes. Korsgren’s group [77] demon-
strated that nicotinamide supplemecntation of culture
medium was effective in reducing both tissue factor
and MCP-1 production by islets, which led to the inhi-
bition of the instant blood-mediated inflammatory reac-
tion when islets came into contact with blood.

Islet isolation activates the ¢-Jun NHZ2-terminal kinase
(JNK), a member of the stress-activated group of MAPKs
[55,56). Noguchi & a/. investigated the efficacy of a JNK
inhibitory peptide (JNKI) to inhibit cell apoptosis in
islets isolated from pancreata preserved wicth the TLM
[78,79). They demonstrated that JNKI prevented islet
cell apoptosis induced immediately after isolation and
that JNKI improved islet yicld and islet graft function
after 1 day of culture [78,79]. Similar findings were
recently reported by Ito ef 4/. using an inhibitor of p38
MAPK during islet preservation [80].

Conclusion
The management of donor pancreas preservation
affects clinical outcomes in pancreas, and especially islet,
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transplant recipients. In-situ regional organ cooling may
protect the pancreas from warm ischemic injury when
managing donors after cardiac death. Colloid-free pres-
crvation solutions such as Celsior and HTK, have been
demonstrated to perform comparably to UWS when used
for pancreas preservaton for subsequent pancreas trans-
plants. Colloid-free preservaton solutions were reported
to be inferior to UWS for preservation of pancreases
intended to be used for islet 1solation. Pancreas preser-
vation for islet isolation and transplants may have differ-
ent requirements: cold storage with or without the TLM
may be insufficient. Recent studies wich large numbers of
pancreases did not demonstrate significant differences in
islet yields and in clinical islet allotransplant outcomes
with pancreases stored with TLLM when compared with
cold storage. Pancreas size and texture vanadons and
methods of perfluorocarbon oxygenation may influence
the oxygenated volume fraction and the quality of the
preserved pancreas. Agents that block stress-signaling
pathways and that may interfere with apoptosis, such
as JNK and p38 inhibitors, may improve islet yield and
quality. Nicotinamide supplementation of the medium
has also been reported to be effective for preserving
islets. The lack of real-time, quantitative objective tools
for assessing the quality of pancreases during and after
cold storage and the quality of islets after isolation has
hindered progress. The recent development and imple-
mentation of such tools [71,72°] is expected to contribute
significantly, in the near future, to needed advances in
preservation of pancreases to be used for islet isolation
and transplantation.
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