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…Garde sans cesse Ithaque présente dans ton esprit. Ton but final est d’y parve-
nir, mais n’écourte pas ton voyage: mieux vaut qu’il dure de longues années et 

que tu abordes enfin dans ton île aux jours de ta vieillesse, riche de tout ce que tu 
as gagné en chemin, sans attendre qu’Ithaque t’enrichisse. 

Ithaque t’a donné le beau voyage : sans elle, tu ne te serais pas mis en route. Elle 
n’a plus rien à te donner. Si tu la trouves pauvre, Ithaque ne t’a pas trompé. Sage 

comme tu l’es devenu à la suite de tant d’expériences, tu as enfin compris ce que 
signifient les Ithaques. 
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1.1 Pancreas transplantation: State of the art 

The discovery of insulin almost a century ago by Banting and Best marked a 

pivotal moment, rendering diabetes a treatable disease. Subsequent ad-

vancements, such as the development of synthetic short- and long-acting in-

sulin, portable blood sugar monitoring, and insulin pumps, have signifi-

cantly enhanced diabetes care. Nevertheless, many patients continue to 

grapple with the secondary complications of diabetes, encompassing reti-

nopathy, neuropathy, nephropathy, and premature cardiovascular disease. 

Pancreas transplantation emerges as a solution offering the potential to re-

store normoglycemia in individuals with type 1 and selected type 2 diabetes. 

Its objectives include replacing beta-cell function, mitigating short- and long-

term diabetic complications and improving long-term survival rates. Since 

the inaugural pancreas transplant in 1966, over 50,000 such procedures have 
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been conducted worldwide1. Advancements in induction and maintenance 

immunosuppression alongside surgical techniques have contributed to fa-

vorable outcomes post-transplant. Nevertheless, given the complexity of 

transplantation and the prevalence of comorbidities among recipients, me-

ticulous patient selection remains imperative to optimize benefits. 

Worldwide, approximately 90% of pancreas transplants are performed con-

currently with kidney transplants (SPK), especially for patients with type 1 

diabetes and diabetic nephropathy whose estimated glomerular filtration 

rate falls below 20mL/min/1.73m2.2 

Type 2 diabetics with renal failure and a Body Mass Index (BMI) below 30 

kg/m2 and low insulin requirements may also be considered for transplan-

tation3. 

Individuals who have undergone kidney transplantation, whether from liv-

ing or deceased donors, may be candidates for pancreas transplantation fol-

lowing kidney transplantation. 

Pancreas transplant alone is reserved for those experiencing severe meta-

bolic complications of diabetes despite optimal insulin therapy, character-

ized by severe hypoglycemic unawareness but preserved renal function. 

These patients must have a documented history of at least two severe hypo-

glycemic episodes within the last 24 months, confirmed by a diabetologist4. 

The pancreas transplant procedure involves meticulous preparation of the 
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graft, utilizing the donor iliac vessels to form a 'Y-graft' connecting the recip-

ient's common iliac artery with the pancreas's splenic and superior mesen-

teric arteries. The portal vein is typically anastomosed to the iliac vein, while 

the duodenum is connected to a segment of the small bowel to facilitate 

drainage of exocrine secretions (Figure 1).  

 

Figure 1: Anatomical diagram showing the placement of pancreas 
and kidney for a SPK transplant. (https://www.mayoclinic.org/pac-
20384783.) 

In cases of pancreas transplant alone, the duodenum may alternatively be 

connected to the bladder for urinary amylase monitoring5. 

Following transplantation, recipients require maintenance immunosuppres-

sion, which typically includes a calcineurin inhibitor like tacrolimus and an 
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anti-metabolite such as mycophenolate. Some may receive low-dose ster-

oids, though steroid-sparing regimens are preferred. Immunosuppression 

increases the risk of infection and malignancy compared to the general pop-

ulation, particularly concerning pancreas transplant alone, where the risks 

of hypoglycemic coma must be carefully balanced against those of surgery 

and immunosuppression. 

Potential risks and complications associated with pancreas transplantation 

include pancreatitis due to poor tolerance of cold ischemia, bleeding post-

implantation, leakage from the duodenal–jejunal anastomosis, and throm-

bosis in the arterial Y-graft or the portal vein. Complications may necessitate 

relaparotomy, with graft pancreatectomy required in some cases. The 1-year 

mortality rate following pancreas transplant is approximately 3%2. 

In the UK, pancreatic graft survival rates at 1 and 5 years stands at 90% and 

81%, respectively6. In individuals with renal failure, undergoing a simulta-

neous pancreas-kidney transplant presents a distinct advantage in terms of 

survival. In Scotland, diabetic patients aged 45–64 years undergoing dialysis 

exhibit a mere 10% survival rate over a span of 10 years7. Meanwhile, for 

those in the younger age bracket of 18–45 years, the 10-year survival rate 

remains at a mere 50%. Analogous survival figures can be observed in other 

regions of Europe and the United States8,9. 

Research indicates that a functional pancreatic graft can impede the progres-

sion of complications, offering improvements in retinopathy and diabetic 
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neuropathy symptoms. These positive outcomes are contingent on the sus-

tained functionality of the transplanted pancreas. 

 

 

 

 

 

 

 

1.Historical Context: The discovery of insulin by Banting and Best nearly a century ago 
revolutionized diabetes treatment. Subsequent advancements, such as synthetic insulin
development and portable blood sugar monitoring, have improved diabetes care. However, 
many patients still face secondary complications.
2.Pancreas Transplantation: Offers potential to restore normoglycemia and mitigate diabetic
complications. Over 50,000 procedures performed worldwide since 1966. Advancements in 
immunosuppression and surgical techniques have improved post-transplant outcomes.
3.Patient Selection: Meticulous patient selection crucial due to transplantation complexity
and recipient comorbidities. Approximately 90% of pancreas transplants performed
concurrently with kidney transplants (SPK). Specific criteria for pancreas transplant alone 
recipients.
4.Procedure: Involves meticulous preparation of graft, connecting donor iliac vessels to 
recipient's arteries. Portal vein anastomosed to iliac vein, duodenum connected to small 
bowel for exocrine drainage. Maintenance immunosuppression required post-transplant.
5.Risks and Complications: Potential complications include pancreatitis, bleeding, 
anastomotic leakage, and thrombosis. Mortality rate around 3% at 1 year post-transplant. 
Graft survival rates vary but can significantly improve survival in diabetic patients, especially
when combined with kidney transplant.
6.Outcomes: Functional pancreatic grafts can impede progression of complications and 
improve symptoms of retinopathy and neuropathy. Long-term success depends on sustained
graft functionality.

Take Home message
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1.2 From Pancreas to Islet Transplantation: Competitors or Allies? 

For individuals with Type 1 Diabetes (T1D), a lifelong regimen of exogenous 

insulin is essential to regulate blood glucose levels. However, some patients 

face the risks of Impaired Awareness of hypoglycemia and severe hypogly-

cemic events, significantly impacting their quality of life10. Additionally, un-

stable blood glucose levels can lead to various complications, including reti-

nopathy and neuropathy11. 

To address the issue of blood glucose instability in T1D patients, therapies 

such as β-cell replacement become crucial. This includes procedures like 

whole pancreas transplantation and pancreatic islet transplantation. Pan-

creas transplantation, even from a single donor, holds the promise of achiev-

ing long-term insulin independence. The advancement of immunosuppres-

sive regimens, organ preservation methods, and operative techniques has 

led to a rise in successful transplantations over time.12 Despite the proven 

efficacy of pancreas transplantation, some physicians hesitate to recommend 

this procedure due to its complexity and associated risks, particularly when 

performed as a standalone pancreas transplant13. Islet transplantation, in-

volving the intraportal infusion of isolated pancreatic islets, emerged as a 

promising alternative (Figure 2). This procedure was expected to be an ideal 

transplant therapy for patients with severe glycemic instability, and devel-

opment aiming to improve this procedure has been undertaken worldwide. 

Ballinger and Lacy demonstrated a method for isolating pancreatic islets 
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from rodents and confirmed in vivo function in 197214. Early successes in islet 

transplantation, such as achieving clinical insulin independence in 1990, 

spurred further research making this therapeutic approach a viable alterna-

tive15-22. Although apparently competing, pancreas and islet transplantation 

should ideally be viewed as complementary approaches, providing optimal 

clinical benefit to risk balance for each candidate and maximizing the use of 

quality donor pancreases. 
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Figure 2. General method of intrahepatic islet transplantation.  

The process of isolating and transplanting islets begins with the extraction of islets from a 
donated pancreas through collagenase digestion. Subsequently, a purification step separates 
the islets from exocrine tissue. These purified islets are then introduced into a catheter posi-
tioned within the hepatic portal vein, where they are infused by gravity. As blood flows 
through the vein, it carries the islets into the liver tributaries. Within these tributaries, the 
islets settle within the sinusoids and establish vascular connections, facilitating their integra-
tion into the liver tissue. (Robertson RP. Islet transplantation a decade later and strategies for 
filling a half-full glass. Diabetes. 2010 Jun;59(6):1285-91. doi: 10.2337/db09-1846. PMID: 
20508222; PMCID: PMC2874688.) 

 

 

agents (23). By 2005, the Edmonton series had grown to 66
patients, 85% of whom were C-peptide positive but only
15% of whom were insulin-free (24). The other 85%, who
were again using insulin, were reported to be using less
than they had been pretransplantation. Using these data,
the median time to a return to insulin therapy was calcu-
lated to be !15 months.

Meanwhile, the Immune Tolerance Network (ITN) had
undertaken a multicenter trial of alloislet intrahepatic
transplantation using the Edmonton protocol. The goal
was to establish the fidelity with which nine centers in
Canada, the U.S., and Europe could reproduce the initial
Edmonton results. This consortium reported in 2006 (25)

that, of 36 type 1 diabetic subjects studied, 44% achieved
the primary end point of insulin independence with ade-
quate glycemic control 1 year after islet transplantation. It
is noteworthy that previous experience with islet trans-
plantation at the various research sites was strongly
associated with success in achieving the primary end
points. Of the 18 subjects, 12 (67%) were successful at 1
year post-transplant at sites where 4 or more patients had
been transplanted in the preceding 2 years. Only 4 of 18
subjects (22%) were successful at sites where there was a
history of less than four transplantations previously. This
outcome clearly signaled that the procedure itself has a
steep learning curve. At this time, it remains more of a

Pancreas

Liver

Islet
cells

Collagenase
digestion

Transplantation of purified
islets into liver through a

percutaneous catheter

Branch of
portal vein

Purified isletsExocrine fragments

Islets within sinusoids

Central
vein

Beta cell
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Delta cell

FIG. 1. General method of intrahepatic islet transplantation. Islets are removed from a donated pancreas by collagenase digestion, followed by
purification to separate the islets from exocrine tissue. Islets are then infused by gravity into a catheter lodged in the hepatic portal vein. Blood
flow within the vein carries the islets into the liver tributaries where they lodge within the sinusoids and establish vascular connections.
Reproduced with permission from ref. 3.

ISLET TRANSPLANTATION

1286 DIABETES, VOL. 59, JUNE 2010 diabetes.diabetesjournals.org
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1.2.1 Pancreas vs Islet: Donor Selection 

 

Organ sharing groups face the challenge of allocating a finite supply of re-

sources between islet and pancreas transplantation. While pancreas trans-

plantation often takes precedence, potential biases may impact the allocation 

of islet grafts, raising concerns about discrimination and its effects on clinical 

outcomes. 

One proposed solution is establishing a shared waiting list for all individuals 

needing β-cell replacement treatment, aiming to mitigate biases23. However, 

variations in organ requirements for the two treatments pose challenges, ne-

cessitating careful evaluation of organ suitability and the development of ef-

ficient allocation algorithms. 

Organ quality scores, considering risk variables, have been explored to as-

sess organ appropriateness for islet or pancreatic transplantation24,25. Donor 

age, weight, BMI, hemodynamic stability, and ischemia times are reliable 

factors influencing outcomes26-29. Grading methods, such as the pancreas Do-

nor Risk Index, aid in evaluating organs for whole pancreas transplantation, 

with technical failure being a significant cause of graft loss30. The overlap 

between optimal donors for pancreatic and islet transplantation depends on 

factors like BMI and age (Figure 3). Higher donor BMI is associated with in-

creased risks and complications in pancreas transplantation31, impacting 

graft thrombosis, infections, and technical failure. In contrast, overweight or 
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obese donors are considered to yield good islet results32-33. In a comprehen-

sive analysis of how donor BMI affects the outcome of pancreas transplanta-

tion, it was revealed that certain complications significantly escalate with 

BMI. The occurrence of graft thrombosis rose to 4.8% in the BMI less than 25 

kg/m2 group, 12.2% in the BMI 25 to 30 kg/m2 group, and 14.8% in the BMI 

more than 30 kg/m2 group (P= 0.03). Likewise, the likelihood of deep infec-

tions nearly doubled with moderately to severely obese donors (21.0%, BMI 

>30 kg/m2 vs. 11.7%, BMI < 25 kg/m2, P=0.07). This notably impacted the 

incidence of technical graft failure, which stood at 9.7% in the BMI less than 

25 kg/m2 group, 16.3% in the BMI 25 to 30 kg/m2 group, and 21.0% in the 

BMI more than 30 kg/m2 group31. Similar findings were echoed in another 

pancreas transplant study, wherein heavier donors (>200 lbs) exhibited 

lower 1-year graft survival rates compared to lighter donors (88% vs. 84%). 

Though statistically insignificant, weight might be considered less discern-

ing than BMI as an obesity indicator24. The heightened fat content in pancre-

ases from obese donors is poorly vascularized and more prone to ischemia-

reperfusion injury, potentially leading to thrombosis, pancreatitis, and infec-

tion34. Establishing a cutoff BMI value for rejecting a pancreas for whole or-

gan transplantation presents a challenge (it could be speculated that the max-

imum acceptable BMI lies between 25 and 30 kg/m2) and hinges not only on 

other unfavorable donor factors but also on a patient's risk-benefit analysis 

between procedure morbidity and the hazards of extended wait times35. 



CHAPTER 1 ~ Background  

 29 

Conversely, overweight and obese donors have been viewed as excellent 

sources for islet yields32,33.  

 

Figure 3. Criteria for ideal pancreas and islet donors and the resulting over-
lap 

(Berney T, Johnson PR. Donor pancreata: evolving approaches to organ allocation 
for whole pancreas versus islet transplantation. Transplantation. 2010 Aug 
15;90(3):238-43. doi: 10.1097/TP.0b013e3181e25a40. PMID: 20463635.) 

 

Obese nondiabetic individuals have exhibited increased beta-cell mass com-

pared to controls, facilitating a response to elevated metabolic demands. 

Conversely, lean donors (BMI <21 kg/m2) demonstrated notably lower islet 

yields36. However, the functionality of islets from obese donors must be eval-

uated. In a study33, islets isolated from obese donors (BMI >30 kg/m2) dis-

played nearly identical viability compared to non-obese donors, in vitro 

function assessed by insulin response to glucose in static incubation assays, 

may fail to distribute properly throughout the parenchyma
(33). For this reason, islet yields more than 40% lower than
for adult donors have been reported (12), resulting in less
than 15% of preparations obtained from pediatric donors
suitable for transplantation based on several islets (10). It was
recognized, however, that pediatric islets had better in vitro
function (10). A recent study has shown that islet yields from
pediatric donors can be increased greatly, provided that the
islet isolation procedure is adapted to the younger pancreatic
extracellular matrix by enhancing the enzymatic digestion of
the pancreas (33). In addition, a higher rate of diabetes
reversal was achieved in an immunodeficient mouse bio-
assay using human pediatric islets, confirming their supe-
rior functionality (33). Nevertheless, isolating sufficient
numbers of islets from pediatric pancreases remains a
challenge.

At the other end of the spectrum, pancreata from older
donors are associated with significantly lower graft survival
and higher morbidity in whole organ transplantation (7, 20,
34). The age cutoff defining an “old” donor is low at 45 to 50
years of age. In a large single-center study, 1-and 5-year pan-
creas graft survival of 76% and 65% versus 90% and 80% were
reported for pancreata from donors older than 45 years ver-
sus younger than 45 years, respectively. Early graft losses
(within 2 weeks of transplantation) for technical reasons ac-
counted for the whole observed difference. A combination of
the older age and the high body weight risk factors further
decreased graft survival (7). Significantly, lower pancreatic
graft survival was also reported in a retrospective study from
the OPTN (25).

The situation is more difficult to assess in the case of
islet transplantation. Older donors provide similar or even
higher islet yields after processing (10, 12, 35). However, a
negative correlation between donor age and in vitro islet
function (glucose-stimulated insulin release) was already re-
ported several years ago. More recently, the rate of diabetes
reversal in a nude mouse bioassay was significantly lower with
islets isolated from donors older than 50 years (36). The infe-
rior in vivo function was confirmed after clinical islet trans-
plantation in two independent series of patients up to 6
months after transplantation (35, 36). Accordingly, the only
islet transplantation series reporting the consistent achieve-
ment of single-donor insulin independence have used strict
donor selection criteria, limiting donor age to less than 50
years (37, 38).

Several studies have investigated the reasons for this
loss of !-cell functionality as age increases. A decline in !-cell
proliferation and of their capacity to regenerate was reported
in aged mice (39, 40). An increase in the rate of !-cell apo-
ptosis and a decrease of !-cell proliferation, associated with a
decline in Pdx 1 gene expression, were reported in both iso-
lated human islets and section of human pancreata in subjects
with increasing age (41, 42).

Changing Attitudes Toward Donor Acceptability
and Impact on Competition for Quality Organs

Two radically conflicting approaches are developing in
the pancreas and islet transplant communities. In a praise-
worthy effort to bridge the gap between recipient waiting list
and donor shortage, pancreas transplant surgeons and physi-
cians are increasingly using organs procured from “extreme”

donors, that is, donors with cardiac death, overweight, older,
or young pediatric donors (7, 18, 29, 43, 44).

In sharp contrast, in the islet transplant community, it
is increasingly recognized that the organs that were consid-
ered previously as being of a suitable standard and keenly
accepted were in fact marginal, not for their incapacity to
deliver islets, but because of poor in vivo (and to some extent
in vitro) functional performance. This category is composed
almost exclusively of older donors, aged more than 50 years,
and has now been excluded in certain protocols (37, 38, 45).
Conversely, pancreases from pediatric donors are increas-
ingly sought because of their superior function and viability
and despite the technical difficulties of extracting their islets.

As schematically represented in Figure 1, these newer
data and changes in attitudes will inevitably result in an in-
crease of the targeted donor pool for pancreas transplanta-
tion, a decrease of the donor pool for islet transplantation, a
widening of the overlap, and an overall decrease in the total
pancreas donor pool for both procedures. As a result, a new
consensus will need to be reached to resolve the renewed
competition for quality donor organs that ensues from these
redefined criteria.

Toward a Reassessment of Allocation Rules
There is no doubt that there is a degree of “unfairness”

and inequality in the allocation rules currently implemented
in the majority of organ sharing zones worldwide. The OPTN
scheme, in which pancreata from donors older than 50 years
and more than 30 kg/m2 of BMI are “prioritized” for islet

FIGURE 1. Evolving criteria for ideal pancreas and islet
donors and the resulting overlap. (A) Current archetype. In
this model, the overlap of donors considered ideal com-
prises donors aged 18 to 45 years, with a BMI between 20
and 27 kg/m2. (B) Changing attitudes. In this “new” model,
expanded criteria donors are accepted for vascularized
pancreas transplantation, whereas at the same time,
younger donors are increasingly sought and older donors
rejected for islet isolation. The overall effects of these
changes in attitudes are to decrease the donor pool and
increase the overlap.

© 2010 Lippincott Williams & Wilkins 241Berney and Johnson

Downloaded from
 http://journals.lww.com

/transplantjournal by lnf+zCl8aG
334j21/5bAW

IO
rVnAp/UBLaugFvdz

2SaNVHpukayHvDFUbB3CAxQ
rtf8YCoR6TfSm

FNBNgO
SciNiqLd95VM

tG
j49qdBU5wG

EsJ5VM
kZZF78Xp611lJjnX2TeKHzdjkf79

W
DKoM

jBnnlCEZdYQ
S/M

nUZ2EawpsLABm
4uhlD6bSoKw== on 11/30/2023



CHAPTER 1 ~ Background  

 30 

and in vivo function evaluated by the time required to reverse chemical dia-

betes in a nude mouse bioassay. While islets from nondiabetic obese donors 

appear functionally sound, caution is warranted regarding identifying type 

2 diabetes in such donors. A comparative analysis of islets isolated from type 

2 diabetic versus control donors of similar BMI unveiled significantly lower 

recovered islet mass and markedly abnormal endocrine function both in 

vitro (assessed by glucose-stimulated insulin release in perfusion assays) 

and in vivo (in a nude mouse bioassay) 37.  Utilization of pediatric donors for 

pancreas transplantation, either as whole organs or for islet transplantation, 

has been limited. Concerns regarding islet cell mass, technical complexities, 

and potential risks of vascular thrombosis have deterred their widespread 

use38. However, a recent retrospective analysis revealed significantly im-

proved 10-year kidney and pancreas graft survivals in recipients of simulta-

neous pancreas-kidney transplants from pediatric donors, provided donors 

were older than 3 years or weighed at least 25 kg38. The recommendation was 

to allocate pancreases from pediatric donors preferably to recipients with 

lower BMI. Regarding islet isolation, the challenge with pancreases from pe-

diatric donors lies in the technical intricacies of separating islets from exo-

crine cells. Researchers noted that in younger human pancreata, ducts are 

collapsed towards the islet cells, hindering the proper distribution of exoge-

nous enzyme solution through the pancreatic ductal system39. Consequently, 

islet yields more than 40% lower than those from adult donors have been 

reported29, with less than 15% of preparations from pediatric donors deemed 
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suitable for transplantation based on islet count27. Nonetheless, it was 

acknowledged that pediatric islets exhibited better in vitro function27. Recent 

findings suggest that optimizing the enzymatic digestion of the pancreatic 

extracellular matrix could greatly enhance islet yields from pediatric donors, 

leading to superior functionality confirmed through immunodeficient 

mouse bioassays39. Nevertheless, obtaining sufficient islets from pediatric 

pancreases remains challenging. 

Conversely, pancreata from older donors are linked to notably lower graft 

survival and increased morbidity in whole organ transplantation24,40. The age 

threshold defining an "old" donor is relatively low, typically ranging from 

45 to 50 years. Studies have shown inferior pancreas graft survival rates in 

older donors compared to younger ones, with technical issues early post-

transplantation accounting for the observed differences. Additionally, older 

age combined with higher body weight exacerbates the risk factors and fur-

ther diminishes graft survival24. Similarly, lower pancreatic graft survival 

rates were documented in retrospective studies41. Assessing the situation in 

islet transplantation is more complex. While older donors can provide simi-

lar or higher islet yields after processing42, a negative correlation between 

donor age and in vitro islet function has been noted, with significantly lower 

rates of diabetes reversal observed in mouse bioassays with islets from do-

nors older than 50 years43. This inferior in vivo function was further con-

firmed in clinical islet transplantation studies42,43. Notably, successful single-
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donor insulin independence in islet transplantation series was consistently 

achieved through strict donor age criteria, typically limiting donor age to less 

than 50 years44,45. Various studies have explored the mechanisms underlying 

the decline in beta-cell functionality with increasing age46,47, including dimin-

ished proliferation capacity and increased apoptosis rates, along with de-

creased expression of genes like Pdx1, associated with beta-cell function48,49. 

 

 

 

 

1.Allocation Challenges: Organ sharing groups must balance resources between islet and 
pancreas transplantation, with potential biases affecting islet graft allocation, raising
concerns about discrimination and clinical outcomes.
2.Proposed Solutions: Establishing a shared waiting list for all needing β-cell replacement
treatment could mitigate biases, but challenges in organ suitability and allocation
algorithms remain.
3.Assessing Organ Quality: Organ quality scores, considering risk variables like donor age, 
weight, BMI, and hemodynamic stability, aid in assessing organ appropriateness for 
transplantation.
4.Donor BMI Impact: Higher donor BMI increases risks and complications in pancreas 
transplantation but may yield good results for islet transplantation. Overweight or obese 
donors are considered excellent sources for islet yields.
5.Utilization of Pediatric Donors: Utilization of pediatric donors for transplantation is
limited due to technical complexities and risks. However, recent data suggest improved
graft survivals in recipients of simultaneous pancreas-kidney transplants from pediatric
donors.
6.Challenges with Older Donors: Pancreata from older donors are associated with lower
graft survival and increased morbidity in whole organ transplantation. In islet
transplantation, older donors can provide similar or higher islet yields, but inferior in vitro 
and in vivo function is noted.
7.Mechanisms of Decline: Mechanisms underlying the decline in beta-cell functionality
with increasing age include diminished proliferation capacity, increased apoptosis rates, 
and decreased expression of genes associated with beta-cell function.

Take Home message
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1.2.2 Pancreas vs Islet: Recipient Selection 

It is difficult to justify islet transplantation (ITA) and pancreatic transplanta-

tion alone (PTA) in individuals with well-controlled diabetes who still have 

renal function. These procedures have significant risks. Nonetheless, certain 

clinical circumstances can justify the use of either transplantation strategy50. 

When it comes to creating a customized plan and modifying treatment for 

people with T1D, early patient referral is essential. The prognosis for T1D 

patients may be greatly affected by options including ITA, early kidney 

transplantation from a living donor followed by PTA or ITA, and preemp-

tive SPK transplantation. Sensitization, cardiovascular deseases, diabetic la-

bility, and progressive end-stage renal disease (ESRD) all influence the 

choice of strategy. Several approaches to these considerations are de-

scribed50. 

The main indication for T1D patients with renal failure is SPK transplanta-

tion (Figure 4 a), accounting for approximately 80% of pancreatic surgeries 

performed in Europe51. It should be offered to individuals with imminent or 

established ESRD who are considering a kidney transplant in the near future.  

In some circumstances, preemptive SPK transplantation may be thought of 

even before dialysis. The estimated glomerular filtration rate (eGFR), kidney 

function loss slope, proteinuria, albumin/creatinine ratio, and surgical risk 

related to a double graft are among the considerations that go into the deci-

sion-making process. A minimum of two vascular sites free of significant 
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atheroma are needed for iliac anastomosis52. Moreover, patients under the 

age of 55 are often given priority. 

Depending on the patient's physiological age, cardiovascular status, and sur-

gical risk, Simultaneous islet and kidney transplantation or a kidney trans-

plantation alone followed by IAK transplantation may be favored. Regard-

less, a BMI of less than 30 kg/m2 is necessary. 

There are two methods available for T1D patients with functional kidney 

grafts: islet-after-kidney (IAK) or pancreas-after-kidney (PAK) transplanta-

tion (Figure 4,b). These choices are limited to those with stable renal trans-

plant function who, even with the best possible diabetic care, are unable to 

maintain adequate glucose control. Patients without cardiovascular contra-

indications or iliac artery atherosclerosis may be recommended for PAK. 

However, opting for this approach will result in the patient spending a pro-

longed duration on the waiting list.  

Any patient receiving a kidney transplant should be evaluated for IAK, par-

ticularly if they do not have insulin resistance, hypertension, proteinuria, hy-

persensitization, or episodes of rejection50. Patients with non-functioning 

kidneys or pancreas from living donors can benefit from SPK transplanta-

tion; nevertheless, there is a small risk of hypersensitization, which could 

restrict access to future transplants. 



CHAPTER 1 ~ Background  

 35 

PTA or islet transplantation ITA may be proposed to individuals with T1D 

who do not have renal failure or need a kidney transplant but who fre-

quently experience severe hypoglycemia or significant glycemic lability de-

spite receiving adequate diabetic treatment (Figure 4c). ITA is considered a 

less risky procedure. Thanks to the quick advancements in insulin delivery 

and glucose monitoring, defining 'optimal' insulin therapy has become more 

difficult. Four daily insulin shots and at least four capillary blood tests are 

necessary, nevertheless53. According to clinical practice guidelines, insulin 

pumps and sensors are the current standard modality for beta-cell replace-

ment therapy. The metabolic criteria for considering beta-cell replacement 

treatment are defined by the EPITA-IPITA consensus50. The risk of long-term 

immunosuppressive regimens, the patient's incapacity to control hypo- or 

hyperglycemia, and degenerative consequences from persistent hyperglyce-

mia are among the indications.  

The patient's characteristics and the available resources in the area will de-

termine whether PTA or ITA is best. PTA is recommended for younger indi-

viduals who are at a higher risk of developing complications from their dia-

betes, whereas ITA is recommended for people with unstable diabetes who 

are unaware of hypoglycemia, do not have insulin resistance, are not over-

weight, and are not candidates for whole pancreas transplants. Evaluation 

of instability is facilitated by quantitative measurements of lability and hy-

poglycemia. Because of its better benefit/risk ratio, ITA is frequently chosen 
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even in cases when insulin independence is not attained in order to reestab-

lish glycemic stability50. 

Specific considerations include: 

Brittle diabetes and desire for pregnancy: PTA is the recommended indica-

tion for glycemic lability; pregnancy post-transplantation may be explored 1 

or 2 years after switching immunosuppressants. It is important to discuss 

any possible immunosuppressive dangers to the newborn54. 

T1D with insulin resistance or overweight: These conditions make surgery 

more difficult and can affect the outcome, especially in ITA situations involv-

ing questionable islet mass transplants51. 

Maturity-onset diabetes of the young (MODY): After SPK transplantation, a 

study shows excellent metabolic results, particularly in MODY types 1, 3, 

and 555. 

Type 2 diabetes (T2D): While kidney transplantation is suggested for pa-

tients with T2D who have ESRD, there is ongoing debate on the appropriate 

timing and indications for pancreas transplantation in T2D patients. For T2D 

patients who do not have significant insulin resistance, intermediate forms 

of diabetes, trouble managing several daily insulin infusions, or diabetic in-

stability, SPK may be taken into consideration50. 
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Figure 4. Indications for islet and pancreas transplantation. 

(A) Patients with insulinopenic type 1 diabetes (T1D) and renal failure; and (B) T1D patients 
with functioningkidney graft; (C) patients with labile type 1 diabetes. (Rickels MR, Stock PG, 
de Koning EJP, Piemonti L, Pratschke J, Defining Outcomes for β-cell Replacement Therapy 
in the Treatment of Diabetes: A Consensus Report on the Igls Criteria From the IPITA/EPITA 
Opinion Leaders Workshop. Transplantation. 2018 Sep;102(9):1479-1486.) 

or proteinuria; and no hypersensitization. Patients with
pancreasthat is no longer functional or kidney from living donors
are excellent candidates for SPK transplantation. However, the
little-known risk of hypersensitization may lead to decreased
access to later transplantation.

6.2. Patients with labile diabetes, but no renal failure

In patients with T1D with no kidney transplant or renal failure,
but with frequent episodes of severe hypoglycaemia or extreme
lability despite optimal diabetes management, either PTA or ITA
may be proposed, the latter being the less risky procedure (Fig. 3A).
However, given the rapid advances in insulin administration and
glucose monitoring, it is difficult to define ‘optimal’ insulin
therapy, which may be influenced by local resources, health
insurance reimbursement and patients’ own choices. The mini-
mum requirement is four shots of insulin with at least four
capillary blood checks per day. Thereafter, different steps have
been detailed in evidence-based clinical practice recommenda-

tions, with insulin pumps and sensors being the current reference
modality in France [8], while the main metabolic criteria for
consideration of beta-cell replacement therapy has been defined
by the EPITA-IPITA consensus (see ‘Pre-transplant workup’ above).
The risk of degenerative complications (due to prolonged
hyperglycaemia) threatening the patient’s prognosis may also be
indications, as well as the patient’s clinical or personal inability to
deal with hypo- or hyperglycaemia. In addition, the risk of long-
term immunosuppressant regimens must also be weighed before
choosing any of these options, while the benefits of pancreas
transplantation need to be balanced against the surgical risk. PTA is
the preferred choice for young patients with clear iliac arteries, but
at high risk of progressive diabetes complications, whereas ITA is
preferentially indicated for unstable, hypoglycaemia-unaware
diabetes patients free of insulin resistance and/or not overweight,
yet not eligible for whole pancreas transplants according to local
possibilities. Several quantitative measures of hypoglycaemia and
lability are now available to facilitate assessment of instability; ITA
can restore glycaemic stability even if insulin independence is not

Fig. 2. Indications for islet and pancreas transplantation in: (A) patients with insulinopenic type 1 diabetes (T1D) and renal failure; and (B) T1D patients with functioning
kidney graft. eGFR: estimated glomerular filtration rate; CGM: continuous glucose monitoring; BMI: body mass index.
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achieved and is often preferred in this indication because of its
more favourable benefit/risk ratio.

6.3. Other specific situations

6.3.1. Patients undergoing pancreatectomy
Islet autotransplantation may be considered in patients

undergoing pancreatectomy for chronic pancreatitis or mostly
benign tumours (Fig. 3B). In this case of islet auto-transplantation,
the risk related to the procedure is low and no immunosuppression
is required [66].

6.3.2. Cystic fibrosis patients
In patients with cystic fibrosis, simultaneous islet–lung or islet

after lung transplantation may be considered (Fig. 3B), as it may

improve the risk of infections and morbidity in these patients. The
procedure is currently under investigation in a clinical trial. Indeed,
the increased life expectancy for patients with cystic fibrosis is
accompanied by new features of disease, particularly diabetes; this
form of diabetes is promoted by altered insulin secretion due to
CFTR gene mutations and anatomical destruction of pancreatic
islets. In adult patients with cystic fibrosis and end-stage
respiratory failure, lung transplants are the ultimate therapeutic
options; at the lung-transplant stage, diabetes is present in half
these patients, and a major factor of morbidity and mortality. Beta-
cell replacement may be considered in patients with severe
endocrine pancreatic disease and decreased endogenous insulin
secretion and uncontrolled diabetes, despite intensive insulin
therapy, whereas PTA is not indicated due to its relatively high
rates of morbidity and mortality, and risk of major abdominal

Fig. 3. Indications for islet and pancreas transplantation in: (A) patients with labile type 1 diabetes (T1D) and no renal failure; and (B) islet transplantation in patients with
already known or anticipated secondary diabetes. BMI: body mass index; CGM: continuous glucose monitoring; GFR: glomerular filtration rate.
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The indications for whole pancreas and islet transplantation can be altered 

by several factors, including age, BMI, smoking, blood group, sensitization, 

kidney function, macro- and micro-angiopathy, patient preference, local re-

sources, living kidney donor, related autoimmune diseases, related grafts, 

preemptive transplantation, and consequences. In cases of hyper-immuniza-

tion, long-term evaluations are required for potential risks related to immu-

nosuppression and graft results. 

 

1.Customized Treatment Plans: Early patient referral is crucial for creating customized
treatment plans for individuals with Type 1 Diabetes (T1D). Various options, including
preemptive simultaneous pancreas-kidney (SPK) transplantation, early kidney
transplantation followed by PTA or ITA, and preemptive SPK transplantation, should be 
considered based on sensitization, cardiovascular diseases, diabetic lability, and 
progressive end-stage renal disease (ESRD).
2.Gold Standard for T1D patients with ESRD: SPK Transplantation: SPK transplantation is
the main indication for T1D patients with renal failure, accounting for approximately 90% 
of pancreatic surgeries in Europe. It should be offered to individuals with imminent or 
established ESRD, with considerations such as kidney function, surgical risk, and vascular
suitability.
3.Alternative Approaches: Depending on physiological age, cardiovascular status, and 
surgical risk, simultaneous islet and kidney transplantation or kidney transplantation alone 
followed by ITA may be favored. However, a BMI of less than 30 kg/m2 is necessary.
4.Options for Patients with Functional Kidney Grafts: Islet-after-kidney (IAK) or pancreas-
after-kidney (PAK) transplantation may be considered for stable renal transplant recipients
unable to maintain adequate glucose control despite optimal diabetic care.
5.Considerations for Kidney Transplant Recipients: Patients receiving kidney transplants
should be evaluated for IAK, particularly if they do not have insulin resistance, 
hypertension, proteinuria, hypersensitization, or rejection episodes. However, there is a 
small risk of hypersensitization, limiting access to future transplants.
6.PTA or ITA for Stable Diabetes: PTA or ITA may be proposed for T1D patients experiencing
severe hypoglycemia or glycemic lability despite adequate diabetic treatment. ITA is
considered less risky and may be chosen to reestablish glycemic stability, even if insulin
independence is not achieved.
7.Specific Considerations: Various factors, including brittle diabetes, desire for pregnancy, 
insulin resistance, maturity-onset diabetes of the young (MODY), and type 2 diabetes
(T2D), influence the choice of transplantation strategy and timing.
8.Factors Affecting Indications: Age, BMI, smoking, blood group, sensitization, kidney
function, macro- and micro-angiopathy, patient preference, local resources, living kidney
donor, related autoimmune diseases, related grafts, preemptive transplantation, and 
consequences, all impact the indications for whole pancreas and islet transplantation. 
Long-term evaluations are required, especially in cases of hyper-immunization, to assess
risks related to immunosuppression and graft outcomes.

Take Home message
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1.2.3 Pancreas vs Islet: Comparative Outcomes 

The Edmonton protocol initially showed promise in rendering recipients 

with type 1 diabetes insulin-independent through glucocorticoid-free immu-

nosuppression and subsequent islet infusion16. However, disappointing 

long-term outcomes, as indicated by the return to insulin therapy in most 

patients after a median of 2 years, were observed56. A multicenter clinical 

trial confirmed these results, emphasizing improved glycemic control with-

out hypoglycemia in over 70% of recipients experiencing refractory hypo-

glycemia57. The trial also revealed a center effect, with better outcomes in 

sites with extensive experience in pancreatic processing and immunosup-

pression management. Withdrawal of immunosuppression for failed islet 

grafts led to a high rate of sensitization to HLAs, prompting a shift in em-

phasis towards stabilizing metabolic control using the least number of donor 

pancreases. This approach necessitates a focus on the peri transplant period 

to ensure the survival of a larger number of high-quality islets during en-

graftment. 

The focus of islet allotransplantation has shifted towards establishing meta-

bolic control without hypoglycemia. Programs for islet alone transplantation 

have established selection criteria based on patients experiencing severe hy-

poglycemia, hypoglycemia unawareness, or marked glycemic lability, with 

a primary outcome of achieving an HbA1c <7.0% without severe hypoglyce-

mia20,21. Prospective single-arm clinical trials indicate that over 80% of 
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recipients achieve this primary outcome at 1 year, and this effect can be sus-

tained in over 80% of recipients at 2 years18. Notably, in the phase 3 CIT07 

trial, over 90% of recipients were protected from severe hypoglycemic events 

during 2 years of follow-up. The study demonstrated significant improve-

ments in diabetes distress, fear of hypoglycemia, and patient well-being, 

with health-related quality-of-life measures showing significant improve-

ment19. Despite concerns about chronic immunosuppressive drug treatment, 

the results indicate that appropriately selected candidates experience clini-

cally significant and personally meaningful improvement in glycemic con-

trol and quality of life. 

Recent studies have validated positive outcomes of islet allotransplantation 

compared to intensive insulin therapy58. In a multicenter Australian consor-

tium study, continuous subcutaneous insulin infusion (pump) modestly re-

duced glucose variability and lowered severe hypoglycemia events, while 

islet transplantation significantly reduced HbA1c from 8.2% to 6.4%, with 

marked reduction in glucose variability and elimination of hypoglycemia20.  

The TRIMECO study, the first randomized clinical trial assessing a trans-

plant intervention for diabetes, showed that islet allotransplantation signifi-

cantly lowered HbA1c compared to intensive insulin therapy (5.6% vs. 

8.2%), with improved health-related quality of life. Achieving HbA1c <7.0% 

in the absence of severe hypoglycemia was significantly higher with islet 
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transplantation21. These results substantiate the positive outcomes reported 

from the single cohort phase 3 CIT07 trial18,19. 

Recent Igls criteria50 have been established to define outcomes for β-cell re-

placement therapy, applicable to both islet and pancreas transplants. These 

criteria focus on achieving HbA1c targets, avoiding severe hypoglycemia 

events, reducing insulin requirements, and restoring clinically significant C-

peptide production. Consistent application of these criteria is crucial for as-

sessing and comparing the effectiveness of various forms of β-cell replace-

ment therapy. 

Longer-term outcomes for graft function in islet allotransplantation have sig-

nificantly improved, with some recipients maintaining insulin independence 

for over 10 years. Recent protocols, utilizing T cell depletion and TNF-α in-

hibition for induction therapy, achieve 5-year insulin independence rates of 

up to 50%57. As this approaches the 5-year insulin independence rates for 

pancreas transplantation, consideration should be given to islet transplanta-

tion as an alternative, offering fewer risks associated with major abdominal 

surgery. Simultaneous pancreas/kidney transplantation provides over 70% 

5-year insulin independence, supporting its preference for long-term graft 

function and glycemic control57. The superiority is attributed to less risk for 

immunologic graft loss, allowing earlier detection of rejection episodes and 

targeted treatment. While insulin independence rates are lower with simul-

taneous islet/kidney transplantation, it offers significant improvements in 
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HbA1c without hypoglycemia compared to kidney transplant alone, with 

less morbidity than simultaneous pancreas/kidney transplantation59.  

 

 

 

 

 

 

 

 

 

 

1.The Edmonton protocol initially showed promise in achieving insulin independence in type 1 diabetes 
patients through islet infusion without glucocorticoid immunosuppression. However, long-term outcomes 
revealed a return to insulin therapy in most patients after about two years, indicating the need for 
improvement in islet transplantation strategies.
2.Islet allotransplantation has shifted its focus towards achieving metabolic control without hypoglycemia. 
Programs prioritize selecting patients with severe hypoglycemia events, hypoglycemia unawareness, or 
glycemic lability, aiming for an HbA1c <7.0% without severe hypoglycemia events. Clinical trials have shown 
that over 80% of recipients achieve this primary outcome at 1 year, with sustained effects in over 80% of 
recipients at 2 years.
3.Simultaneous pancreas/kidney transplantation provides high rates of insulin independence and superior 
long-term graft function compared to kidney transplant alone. While insulin independence rates are lower 
with simultaneous islet/kidney transplantation, it offers significant improvements in HbA1c without 
hypoglycemia events, making it a valuable option for diabetic patients.

Take Home message
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1.3 Islet Isolation process step by step 

1.3.1 Pancreas dissection 

In a clinical laboratory, the organ isolation process follows organ donor pro-

curement, organ perfusion, and cold shipping. The primary objective is to 

optimize outcomes, focusing on factors such as the quantity and quality of 

isolated islets, pancreatic islet equivalents per gram (IEQ/g), and the func-

tional capacity of the islets. Given the heightened infection risk for diabetic 

and immunocompromised recipients, stringent safety measures are crucial 

to prevent the introduction of pathogens during the islet transplant. 

Stringent procedures are employed, encompassing sample collection, multi-

step surveillance, and microbiological evaluation throughout the isolation 

phase. A rigorous release criteria protocol, addressing endotoxin and micro-

bial burden, is adhered to before transplantation. Decontamination and pre-

vention form the initial steps to minimize the risk of introducing germs. Dur-

ing pancreas retrieval, the "No touch technique" is employed, and the pan-

creas is carefully transported in sterile bags with cold preservation solution, 

still enveloped by connective tissue, fat, blood arteries, and occasionally du-

odenum or spleen segments. Upon arrival, a sample of the transport medium 

is taken for microbiological evaluation. 

To expose the head, body, and tail of the pancreas, excess tissue is removed, 

and the pancreas is cannulated (Figure 5).  
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Figure 5.  Pancreas dissection for islet isolation.  

(a) displays a pancreas within the islet isolation laboratory. Note the presence of 
connective tissue, blood vessels, fat and a segment of duodenum. In contrast, image 
(b,c) showcases the same pancreas as depicted in (a), subsequent to the elimination 
of extraneous connective tissue, blood vessels and fat deposits. 

 

Decontamination is achieved by rinsing in cold media like M199 after a series 

of 4 °C solutions, including a Povidone-Iodine bath and a Cephazolin/M199 

solution. The pancreas is then transported for enzyme distension following 

this cleaning procedure. These meticulous steps ensure the safety, quality, 

and organ viability for subsequent transplantation. 

1.3.2 Pancreas distention 

The difficulty of islet release from surrounding tissues impedes the effective-

ness of islet isolation and transplantation for patients with T1D. The intricacy 

of the isolation process is increased by variations in the types of enzymes 

used, the injection and the shaking techniques61,62. Although crude enzyme 
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mixes caused problems in the earliest trials63, Liberase HI's release first ap-

peared promising64. However, because of the possible risk of spreading Bo-

vine Spongiform Encephalopathy, its use was stopped in 200765-68. After that, 

other enzymes were examined, such as Liberase MTF (mammalian tissue-

free) from Roche and Collagenase NB1 and Neutral protease NB from 

SERVA69. SERVA enzymes proved to be effective and safe, which allowed 

for the successful transplantation of islets70. More alternatives were made 

available with the creation of VitaCyte collagenase HA and a novel enzyme 

mixture (NEM)70-71. Research contrasting several enzyme combinations 

showed how challenging it is to find the right mixture for a high number of 

good-quality islets72. According to recent studies evaluating various combi-

nations of enzymes, the NEM consistently met transplanting criteria and 

produced greater islet yields. The selection of collagenase blends and com-

binations is still unclear despite continued research, with different studies 

showing diverse results73-75. In islet isolation, adjusting enzyme concentra-

tions—especially with SERVA GMP enzymes—has become standard proce-

dure. In most cases, concentrations of 1-2 DMC U/g of neutral protease and 

18–24 U/g of pancreas collagenase demonstrate adequate levels76. 

1.3.3 Pancreas digestion 

Digestive enzymes are infused into the major pancreatic duct, which subse-

quently divides into smaller channels that enter the exocrine portion of the 

pancreas, releasing islets from the human pancreas. Aa uniform distribution 



CHAPTER 1 ~ Background  

 46 

of enzymes throughout the organ is essential for achieving the best islet re-

lease. Hand distension and pressure-controlled pumping using a mechanical 

perfusion device are the two ways to achieve this objective. Since 2002, an 

islet isolation unit has effectively used hand distension20,67, which entails can-

nulating the pancreatic ducts of decontaminated and trimmed pancreas 

halves and pumping an enzyme solution with a pulsatile syringe. This tech-

nique enables modification according to the physical characteristics of the 

pancreas. Although some groups have experimented with hand-held ma-

nometry to track pressure while pumping, the device was found to be labo-

rious and did not improve results. As an alternative, some groups use a 

pump and recirculating perfusion device system for controlled-pressure en-

zyme infusion. Although there was no discernible difference between the 

two approaches in terms of in vitro islet function as determined by glucose 

perifusion, a comparative investigation indicated a higher post-purification 

islet yield using the perfusion device74. 

The pancreas is distended completely with an enzyme solution, then sliced 

into pieces about 2 cm³ in size and put in the Ricordi Chamber, a metal dis-

sociation chamber. This chamber is a component of a closed circulation tub-

ing system that circulates the collagenase and media containing the pan-

creas. It has stainless steel ball bearings. The fluid and chamber are heated to 

37 °C, and the pancreas cannot obstruct the tubing because of a 500 μm mesh 

in the chamber cover. When the chamber is gently shaken, sterile ball 
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bearings help break up the tissues of the pancreas that are being digested. 

The islets flow through the mesh, and the release of islets from the acinar 

and other tissues is determined by continuous biopsy, which marks the point 

at which the isolation has advanced to that degree. 

 

Figure 6. Automated method for isolation of human pancreatic islets. 

(Ricordi C, Lacy P, Finke E, Olack B, Scharp D. Automated method for isolation of 
human pancreatic islets. Diabetes. 1988;37(4):413–20.) 

 

Part of the "automated method", the Ricordi chamber was first launched in 

1988 and is coupled to a tubing system62 (Figure 6). In order to facilitate the 

enzymatic breakdown and cause mechanical disruption of the pancreatic tis-

sue by the ball bearings, the enzyme solution is recirculated through the tub-

ing system and the chamber is shaken. Two options for shaking are de-

scribed: manually or mechanically with a 'shaker.' In a study comparing 
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mechanical and manual shaking, hand shaking produced more islets with 

higher integrity, but at the cost of longer digestion durations70. 

Based on the breakdown of pancreatic tissue seen during digestion, this ap-

proach offers more control over the intensity of shaking. The agitation inten-

sity is changed depending upon the amount of tissue disruption that has oc-

curred. Shaking intensity is decreased as the gland pulls apart as observed 

as biopsies are collected during the digestion process as can be seen being 

collected from a 3 way tap in the closed tubing circuit76. 

1.3.4 Switching from digestion to collection 

Selecting the ideal time to move from pancreatic digestion to tissue collection 

is a critical step in isolating human islets for transplantation. The task at hand 

involves a careful balancing act to ensure that islets are separated from exo-

crine tissue without going overboard and potentially causing fragmentation 

and destruction. Islet function depends on maintaining cell-cell contact dur-

ing digestion since any disruption may affect insulin secretory responses78. 

By taking biopsies, the release of islets during digestion is continuously 

tracked in order to achieve this balance. Dithizone is used to dye these biop-

sies so that islet tissue may be seen under a microscope. Biopsies are taken 

at regular intervels, and once free islets are seen, the collection process be-

gins. This conversion entails switching from a closed system, in which the 

enzyme solution is continuously circulated via the tubing and Ricordi cham-

ber,to an open system (Figure 7,8). A new, enzyme-free solution is pumped 
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through the open system, collecting the digested tissue in a chilled medium 

that contains human albumin. 

 

Figure 7. Switching from digestion to collection 

The pancreatic digestion in the “Ricordi” chamber occurs through the synergy of 
enzymatic activity, which requires a 37-degree environment, and mechanical action 
by the ball bearings breakdown. By continuously assessing the digestion process 
through the examination of biopsies extracted from the circuit, the optimal time to 
halt digestion can be determined. Enzyme deactivation is achieved by rapidly low-
ering the temperature and diluting the digested tissue. 

After collection, the digest is subjected to two washes in a cold medium con-

taining heparin, insulin, and human albumin in order to neutralize and re-

move any remaining digestive enzymes. It has been demonstrated that col-

lagenase does not remain in the islets upon washing guaranteeing patient 

safety79,80. 

Diges,on	circuit	
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Figure 8. Digestion process 

(a) depicts embedded islets during the digestion phase, while (b) illustrates islets 
fully detached from the surrounding exocrine tissue. 

 

After the washing process, the digest is left for 30 minutes in UW solution 

that has been fortified with a high concentration of insulin, heparin, and hu-

man albumin before it is purified. This "quenching" stage helps the acinar 

tissue absorb starch, changing its density and facilitating the succeeding pu-

rification process's islet separation from exocrine tissue. 

1.3.5 Islet purification 

Despite differences in size and design, all islet isolation laboratories use the 

same equipment and follow the same guidelines for procedures. The asepsis 

in the clean room, together with necessary equipment, greatly aids in the 

procedure as a whole. Equipment and separation phases—which involve 

specific protocols described in multiple studies—remain essential81-83. Exper-

iments using several density gradients, such as Ficoll-sodium diatrizoate, 
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Dextran, Iodixanol, and organ preservation solutions UW and Euro-Collins, 

were conducted in the early stages of optimizing post-digestion islet purifi-

cation84-88. The goal of these studies was to improve the fundamental density 

separation procedure (Figure 9). Newer density gradients, such Ficoll, Dex-

tran, Biocoll, and Iodixanol, developed in spite of these research and are be-

ing used in major units across the globe. 

Ficoll, also known as Ficoll-Paque, is a highly effective method for isolating 

viable islet cells with a high yield and purity85. It is made up of high molec-

ular weight sucrose polymers and sodium diatrizoate. Although it is used 

less, dextran, a complex branched glucan, was employed in early density 

gradients84. Hydrophilic polymer biocoll, which is usually manufactured in 

advance for islet purification, enables density adjustment for ideal pH and 

osmolality20. Various doses of iso-osmolar contrast agent iodixanol are uti-

lized as a density gradient89. 

Density gradient advances coincided with advancements in equipment, 

most notably the development of automated systems. The preparation of is-

lets became more economical and efficient with the use of the IBM 2991 

COBE cell separator, which greatly shortened the purification process. The 

COBE® 2991TM Cell Processor's cooling adjustments guaranteed gradient 

temperature maintenance, reducing ischemic cell damage and promoting 

density gradient stability during purification88,90. 
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The temperature gradients produced by two cooling techniques—a "Clean 

Room Cold Room" and machine modification—were comparable. 

 

Figure 9. Islet purification 

(a) displays pre-purified islets while (b) presents fully purified islets. 

 

In order to operate the COBE® 2991TM Cell Processor, density gradients must 

first be loaded and then pre-cooled to the bottom of the COBE bag and pan-

creatic milieu90. Two distinct density gradients can be continuously loaded 

using chilled-density mixer devices. Following processing, the separated 

fractions undergo biopsies, dithizone staining for islet evaluation, and 

prompt washing. To ensure that only the purest fractions are mixed for trans-

plantation, pure fractions are kept apart from impure ones. Dithizone label-

ing is a rapid and easy way to estimate the quantity and purity of islet cells, 

a b
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which is important for figuring out the success of isolation and the density 

of seeding for culture. 
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1.4 Islet Quality Assessment  

Numerous methods have been developed to assess the quality of islet prep-

arations post-isolation, crucial for ensuring safe and effective transplanta-

tion. Key criteria for release include evaluating cell mass, purity, viability, 

sterility, and functional capacity (Table 1). Quality assessment becomes par-

ticularly critical when preparing islets for clinical transplantation, as poor-

quality preparations may impact the efficacy of islet transplants in reversing 

diabetes91. In Europe, islets for transplant therapy adhere to the European 

Committee on Organ Transplantation regulations for biological products 

and human cells, necessitating demonstrated product stability, consistency, 

and compliance with identity, safety, purity, and potency standards92. How-

ever, applying regulations designed for therapeutics in controlled settings to 

islet preparation criteria may be challenging due to donor variability and the 

isolation process. Global centers employ methods to provide rapid, sensitive, 

and reproducible quality assessments while ensuring the release of safe and 

efficacious preparations. The Collaborative Islet Transplantation Registry 

(CITR) program's release criteria, based on islet count per recipient weight, 

purity, viability, endotoxin concentration, and glucose stimulation index, 

serve as guidelines to exclude subpar preparations but may not necessarily 

correlate with in vivo functional outcomes93. 
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Table 1. Product release criteria for clinical islet preparation 

 

(Papas KK, Suszynski TM, Colton CK. Islet assessment for transplantation. Curr 
Opin Organ Transplant. 2009 Dec;14(6):674-82. doi: 
10.1097/MOT.0b013e328332a489. PMID: 19812494; PMCID: PMC2859186.) 

 

At the National Pancreas Transplant Unit in Australia, formal criteria in-

clude predetermined thresholds for islet number/mass, viability, purity, and 

sterility before release for transplantation20,67. 

This section outlines commonly assessed indicators of islet quality used as 

release criteria, emphasizing their role in predicting islet survival and func-

tion in recipients. Additionally, it introduces several useful methods provid-

ing functional insights that are not part of formal release criteria. 
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TABLE 1

Product release criteria for clinical islet preparation

TYPE OF TEST PRODUCT TEST SPECIFICATION TYPE OF SAMPLE

Safety Endotoxin < 5 EU/kg
Supernatant of islet suspension
in transplant mediaGram stain No organisms detected within

limits of assay

Identity Islet count (IE/kg) 5,000–20,000 (1st transplant)
Islets in transplant media3,000–20,000 (Re-transplants)

Purity ≥ 30%

Viability Dye exclusion (FDA/PI) ≥ 70% Islets after overnight culture
and in transplant
media

Potency Glucose stimulated insulin
release (ELISA)

Stimulation Index >1 Islets after overnight culture

EU = Endotoxin unit
IE = Islet equivalent, defined as a volume of islet tissue equal to that of a sphere having a 150 µm diameter [11]
DTZ = Dithizone
FDA/PI = Fluorescein diacetate/propidium iodide

Curr Opin Organ Transplant. Author manuscript; available in PMC 2010 December 1.
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1.4.1 Islet Mass and Purity 

Evaluating islet cell mass is crucial in determining the suitability of islet 

preparations for transplantation94-96. To address potential losses due to en-

graftment failure or immune responses, a minimum of 4,000 IEQ per kilo-

gram of recipient weight is required for clinical islet transplantation in Aus-

tralia20. Studies highlight the importance of critical islet mass for normalizing 

glucose responses post-transplantation, and a positive correlation exists be-

tween sufficient islet mass and graft function in human islet transplanta-

tion95. 

Insulin content in porcine and rat islet grafts is closely correlated with beta 

cell mass, indicating the significance of considering beta cell mass rather than 

total islet cell mass alone96. Dithizone staining, commonly used to assess islet 

numbers, mass, and purity, aids in estimating islet cell numbers and purity 

quickly97. Islet numbers are categorized by diameter, converted to IEQ, and 

summed to obtain total IEQ98. Modifications to this method have been pro-

posed to better represent islet size distribution99. Islet size distribution also 

influences graft function, with smaller islets demonstrating better function 

in both rat models and human islet transplants. Smaller islets tend to have 

higher viability and survival rates compared to larger islets100,101. Purity is 

crucial, as acinar tissue remaining attached to islets post-isolation releases 

proteases, contributing to islet cell death102-104. Low-purity preparations show 

reduced viability and functional capacity, potentially impacting survival and 
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engraftment post-transplant. Islet purity, assessed through dithizone stain-

ing, is considered acceptable for clinical transplantation if it exceeds 30%, 

with a total packed cell volume of less than 10 ml20,67. 

 

1.4.2 Islet viability 

Since live cells are essential for a successful transplant, evaluating the mass 

of islet cells alone is insufficient to assess the quality of an islet preparation. 

Large-scale non-viable cell transplantation not only results in subpar func-

tional outcomes but also puts the patient at risk of developing transplant-

related hypersensitivity. Therefore, evaluating islet viability is a key factor 

in quality assessment, and various methods are employed for this purpose. 

Staining with DNA-binding dyes, usually propidium iodide (PI) and fluo-

rescein diacetate (FDA), is the standard method for determining islet viabil-

ity105,106(Figure 10). A minimum of 70% viability, determined by FDA/PI 

staining, is required for the release of the product for transplantation, accord-

ing to criteria similar to those used by the CITR program20,67. FDA fluoresces 

green in live cells, while PI fluoresces red in damaged or dying cells with 

compromised membrane integrity. However, because dye concentration, in-

cubation durations, and imaging parameters are variable, using FDA/PI can 

be arbitrary. Furthermore, membrane integrity does not always correlate 

with cell viability, as viable cells judged based on nucleic staining may not 

necessarily functioning cells and this has been shown in a number of stud- 
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ies including transplantation into mouse models, likely due to the fact that 

DNA-binding dye exclusion does not identify apoptotic cells107. 

Apoptosis and necrosis indicators are combined to improve accuracy. Tetra-

methylrhodamine ethyl ester, 7-aminoactinomycin D, and Newport Green 

can be used in a method that allows for the simultaneous measurement of 

beta cell composition, viability, and apoptotic cell percentage. This method 

presents the beta cell viability index as a predictor of graft survival and pos-

sible function after transplantation, which has been verified in a mouse 

model108. The beta cell viability index is calculated using flow cytometric 

analysis on islet cells that have been post-cultured at Westmead Hospital in 

Australia20,67. An index of 0.5 or greater is deemed satisfactory. Although not 

currently part of product release criteria for transplantation, ongoing studies 

are being conducted to assess its inclusion. But this approach needs more 

time, a bigger sample of the islet, technical know-how, and specialized 

tools109. 
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Figure 10. Islet viability 

(a) displays FDA-live cells (b) presents PI dead cells (c) Brightfield. 

 

1.4.3 Islet sterility 

Ensuring the sterility of the final islet product is crucial for clinical islet iso-

lation, especially since recipients are immunosuppressed, increasing their 

susceptibility to infections from contaminants in the preparation. One major 

danger is endotoxin contamination, which has been linked to islet cell injury 

and early graft loss110-112. 

The islet isolation and culture procedure may involve microbial contamina-

tion at different phases. Testing solutions used in pancreas preservation sug-

gest that the donor duodenum during pancreas retrieval is a possible 
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source113-115. Most of the contamination is eliminated during the isolation pro-

cess, even if it occurs often during recovery. 

Measures are used during isolation and culture to evaluate the sterility of the 

product. These include adding antibiotics (usually ciprofloxacin) to the cul-

ture media and using Gram staining, endotoxin content assessment, and mi-

crobiological culture116,117. A negative Gram stain and an endotoxin level of 

less than 5 endotoxin units (EU)/kg of recipient weight are prerequisites for 

product release116. Many investigations have shown that following these 

guidelines prevents recipients from developing clinical infections and has no 

impact on long-term graft survival114,116. 

Sample aliquots are taken during transport, post-decontamination, post-pu-

rification, and post-culture to demonstrate the microbiological sterility. For 

both aerobic and anaerobic cultures, these samples are injected in culture vi-

als. Furthermore, samples are cultured for mycoplasma, mycobacteria, and 

fungus114,116. Although the time needed for results means that culture assess-

ment is not employed as a release criterion, positive cultures lead to the pre-

scription of antibiotic prophylaxis with little side effects seen in recipients114. 

 

1.4.4 Islet function 

Various techniques are employed to describe islet function, with a particular 

emphasis on dynamic glucose-stimulated insulin secretion (GSIS)98,118. These 
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methods play a crucial role in understanding the intricacies of pancreatic is-

let function. Here is an overview of some commonly utilized techniques: 

1. Perifusion Systems98: 

o Description: Perifusion systems involve exposing isolated is-

lets to dynamic changes in glucose levels to simulate physio-

logical conditions. 

o Advantages: Mimics the in vivo environment, allowing for the 

measurement of dynamic GSIS. 

o Considerations: Lack of standardized, inexpensive apparatus 

and protocols across laboratories. 

2. Static Incubation Assays98: 

o Description: Islets are incubated at static glucose concentra-

tions, and insulin release is measured. 

o Advantages: Simplicity and ease of implementation. 

o Considerations: Limited in capturing dynamic aspects of GSIS. 

3. Microfluidic Platforms98: 

o Description: Microfluidic devices allow precise control of the 

microenvironment around islets, enabling dynamic GSIS 

measurements. 

o Advantages: High precision, ability to mimic physiological 

conditions. 
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o Considerations: Technical expertise required for fabrication 

and operation. 

4. Patch-Clamp Electrophysiology98: 

o Description: Measures electrical currents across the cell mem-

brane to assess ion channel activity. 

o Advantages: Provides insights into the underlying mecha-

nisms of insulin secretion. 

o Considerations: Invasive, requires specialized skills. 

5. Imaging Techniques (e.g., Confocal Microscopy) 98: 

o Description: Visualizes changes in calcium dynamics or insu-

lin granule exocytosis. 

o Advantages: Real-time visualization, potential for subcellular 

resolution. 

o Considerations: Limited by the need for fluorescent markers 

and potential phototoxicity. 

6. Genetic and Molecular Approaches98: 

o Description: Involves manipulating gene expression or using 

knockout models to study specific proteins involved in insu-

lin secretion. 

o Advantages: Targeted investigations into molecular pathways. 

o Considerations: May not fully replicate complex physiological 

interactions. 

7. Islet Perfusion Systems98: 
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o Description: Involves perfusing pancreas with solutions con-

taining various stimulants to assess insulin secretion. 

o Advantages: Allows controlled exposure to different sub-

stances. 

o Considerations: Less dynamic than perifusion systems. 

In summary, a combination of these techniques is often employed to gain a 

comprehensive understanding of islet function, especially dynamic GSIS118. 

The choice of method depends on the specific research question, the desired 

level of detail, and the available resources and expertise in the laboratory. 

Islet Perifusion   

The primary objective steering the islet perifusion system is to replicate, with 

utmost precision, the physiological conditions governing the pancreas 

within the controlled confines of a laboratory environment119-121.  

The experimental design involves the placement of isolated islets within a 

chamber, subjecting them to a continuous perfusion of a solution that varies 

in glucose concentrations. Also, this method is useful for determining regu-

lation of hormone release in response to various drugs and agents. 

In contrast to static incubation, perifusion permits evaluation of the dynam-

ics of insulin release in a situation where feedback inhibitory/stimulatory 

signals of released hormone(s) are avoided. 
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The usual biphasic pattern of insulin secretion, marked by a sharp and in-

tense surge in insulin release (first phase) succeeded by a lower and constant 

secretion rate (second phase), serves as a hallmark of a healthy insulin re-

sponse when islets encounter a transition from low to high glucose levels.  

Nonetheless, this characteristic pattern disappears in perifused islets from 

pancreatic donors with pre-diabetes or type 2 diabetes122. 

Furthermore, dynamic analysis of insulin secretion enables the discernment 

of which parameters associated with the donor and inherent organ charac-

teristics may have favorable or adverse effects on the physiological re-

sponses of the islets123.  

As a result, within the domain of pancreas or islet transplantation, it has the 

potential to distinguish between optimal and suboptimal donors. 

Researchers employ various parameters to quantify and characterize insulin 

secretion during perifusion experiments. These include metrics like the 

perifusion index, the area under the curve (AUC), and the stimulation index 

(SI= ratio of insulin secretion in high and low glucose). However, 

quantitative comparisons of insulin secretion data reported by distinct 

laboratories are complicated by inconsistent modes of expression122.  The 

only useable common unit is SI that is either published or can be recalculated 

from data presented otherwise.  
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Figure 11. Example of dynamic perifusion to assess human islets function. 

a) Photograph of the perifusion system b) Biphasic dynamics and concentration-de-
pendency of glucose-induced insulin secretion in perifused human head and tail is-
lets. 
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Moreover, the absence of standardized perifusion protocols creates 

challenges when attempting to compare data obtained from different 

laboratories. Consequently, establishing standardized protocols for 

interpreting perifusion data could prove invaluable, particularly when 

perifusion experiments are conducted as quality control tests for human islet  

preparations. Such standardized protocols would enhance the reliability and 

comparability of findings across research studies, fostering greater 

collaboration and advancement in the field of islet research. 

In vivo islet functionality 

The conventional benchmark for assessing islet viability and function in-

volves determining the ability of an islet preparation to reverse diabetes 

upon transplantation into immunodeficient mice98,124. This mouse bioassay, 

while reliable, has limitations, particularly due to its time-consuming nature 

(up to a week post-transplant), making it unsuitable for immediate clinical 

transplantation release criteria. Various methods, such as Islet Oxygen con-

sumption rate (OCR) and ADP:ATP ratio assessments, are often evaluated 

by correlating assay results with the achievement of normoglycemia in vivo. 

To evaluate the capacity of islets to reverse diabetes, a small number of islets 

are transplanted into athymic mice rendered diabetic, and blood sugar levels 

are monitored to gauge normoglycemia achievement. Studies with different 

islet preparations have shown that higher transplant numbers increase the 

likelihood of successful diabetes reversal102. However, extended time in 
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culture may compromise islet viability and function, impacting transplant 

outcomes124. Factors influencing transplant success, independent of islet 

quality, include variations in starting body weights, surgical complications, 

streptozotocin-induced diabetes effects, and the time between induction and 

transplant. 

Despite similar viability, glucose response, and endotoxin content, only 54% 

of mice transplanted with different islet preparations achieved normoglyce-

mia, highlighting additional factors affecting transplant outcomes102. Ro-

dents' lower sensitivity to porcine and human insulin, susceptibility to glu-

cotoxicity post-transplant, and delayed assessment of graft outcomes make 

them less than ideal for evaluating transplant success125. Currently, clinical 

islet transplant centers rely on islet yield, viability, purity, endotoxin content, 

and Gram stain results for release criteria20,126. Transplanted mass consist-

ently correlates with in vivo islet graft function, but advancements in tech-

nology and understanding of islet physiology prompt the ongoing develop-

ment of new, efficient methods for assessing cell viability and function in 

islet preparations for clinical transplantation. 
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1.Islet Function Assessment Techniques: Various techniques are employed to assess islet
function, with a focus on dynamic glucose-stimulated insulin secretion (GSIS). These methods
include perifusion systems, static incubation assays, microfluidic platforms, patch-clamp
electrophysiology, imaging techniques, and genetic and molecular approaches. Each technique 
offers unique advantages and considerations, and their choice depends on the specific research
question and available resources.
2.Islet Perifusion System: The islet perifusion system replicates physiological conditions to 
investigate dynamic responses of islets to varying glucose levels. It allows for precise control of 
the extracellular environment and mimics natural regulatory mechanisms, facilitating the 
assessment of insulin responses. Despite its advantages in providing physiologically relevant
data, challenges such as lack of standardization and technical expertise exist.
3.In Vivo Islet Functionality: Assessing islet viability and function involves transplanting islets
into diabetic mice and monitoring blood sugar levels to gauge normoglycemia achievement. 
Factors influencing transplant success include islet quality, variations in starting body weights, 
surgical complications, and the time between induction and transplant. While the mouse 
bioassay remains a reliable method, advancements are ongoing to develop efficient methods for 
assessing islet viability and function for clinical transplantation.

Take Home message
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1.5 Ischemia-Reperfusion Injuries During Pancreas Preservation 

The knowledge about ischemia-reperfusion injuries (IRI) in whole pancreas 

and islet transplantation is limited compared to kidney transplantation127,128, 

attributed to the infrequency of pancreatic and islet transplants and chal-

lenges in obtaining biopsy samples (Figure 12). Brain death is associated 

with reduced graft survival in various transplants, causing inflammation 

and endothelial activation even before organ procurement129,130. Pancreatic 

microcirculation is compromised in a rat model of brain death, predicting 

the severity of graft pancreatitis131. Brain death induces a systemic inflamma-

tory response, releasing proinflammatory cytokines.  

Elevated donor chemokine ligand 2/ monocyte chemoattractant protein 1 

(CCL2/MCP-1) is a predictive biomarker for pancreatic transplant out-

comes132, correlating with lower graft survival, especially in simultaneous 

kidney-pancreas transplants. Moreover brain death likely triggers CCL2 re-

lease due to ischemia, causing peripheral vasoconstriction. Studies show in-

creased TNF-α and IL-6 in brain-dead patients, indicating inflammation in 

general and pancreatic tissues133. 

It’s probable that pancreatic damage involves complement C3 activation, 

Toll-like receptor (TLR)-4 upregulation, and innate immunity activation. 
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Similar processes occur in kidneys from deceased donors134. Brain death ini-

tiates an inflammatory cascade affecting organ endothelium and microvas-

cularization. 

 

Figure 12. Inflammatory phenomena during pancreas transplantation. 

(Prudhomme T, Mulvey JF, Young LAJ, Mesnard B, Lo Faro ML, Ogbemudia AE, 
Dengu F, Friend PJ, Ploeg R, Hunter JP, Branchereau J. Ischemia-Reperfusion Inju-
ries Assessment during Pancreas Preservation. Int J Mol Sci. 2021 May 
13;22(10):5172. doi: 10.3390/ijms22105172. PMID: 34068301; PMCID: PMC8153272.) 

 

Cold organ preservation worsens ischemic damages, leading to cellular 

edema, oxidative stress, and ATP depletion135-137. 

Severe ischemia can cause cellular death through necrosis or apoptosis, in-

tensified by oxygen delivery during reperfusion138. Renal ischemia-reperfu-

sion-induced lesions exacerbate tubulointerstitial fibrosis139. Innate immune 

system-mediated inflammation starts during ischemia, escalating during 

Int. J. Mol. Sci. 2023, 24, 4636 6 of 18Int. J. Mol. Sci. 2023, 24, 4636 6 of 18 
 

 

 
Figure 1. Inflammatory phenomena during pancreas transplantation and possible therapeutic 
interventions. IL interleukine, TNF tumor-necrosis factor, CCL2 chemokine ligand 2, MCP-1 
monocyte chemoattractant protein 1, ATP adenosine tri-phosphate, ROS reactive oxygen species, 
HO-1 Heme oxygenase 1. 

3.2. Ischemia-Reperfusion and Innate Immunity 
Although few studies have focused on pancreas ischemia-reperfusion mechanisms, 

these mechanisms have been well-described for other solid organ transplantations. We 
will review the general mechanisms of IRI before focusing on a few studies of the 
mechanisms of IRI in pancreas transplantation. 

Cold organ preservation (cold ischemia) leads to lesions that are secondarily 
worsened by the afflux of oxygen during reperfusion [28,29]. Hypoxia induces cell injury 
and reactive oxygen species production. The depletion of adenosine triphosphate (ATP) 
leads to the dysfunction of Na/K ATPases pumps, thus promoting cellular edema. In 
severe ischemic conditions, it leads to cellular death (necrosis or apoptosis) [30]. Oxidative 
stress strongly increases during reperfusion due to the massive and brutal oxygen supply. 
Lesions induced by IR in the kidney lead to the development of tubulointerstitial fibrosis, 
contributing to chronic allograft dysfunction [31]. Inflammation mediated by the innate 
immune system starts during ischemia and worsens during reperfusion, with secondarily 
the recruitment of mediators of adaptive immunity [32]. These events are initiated by the 
release of DAMPs (damage-associated molecular patterns) and HIF (hypoxia-inducible 
factors) by cells suffering from ischemia, in addition to the expression of adhesion 
molecules at their cell surface. DAMPs ligation to TLRs expressed by organ cells and 
immune cells leads to the transcription of pro-inflammatory mediators, mostly via a 
transcription factor called NF-κB (nuclear factor-kappa B). Endothelial lesions induced by 

Figure 1. Inflammatory phenomena during pancreas transplantation and possible therapeutic inter-
ventions. IL interleukine, TNF tumor-necrosis factor, CCL2 chemokine ligand 2, MCP-1 monocyte
chemoattractant protein 1, ATP adenosine tri-phosphate, ROS reactive oxygen species, HO-1 Heme
oxygenase 1.

3.2. Ischemia-Reperfusion and Innate Immunity
Although few studies have focused on pancreas ischemia-reperfusion mechanisms,

these mechanisms have been well-described for other solid organ transplantations. We will
review the general mechanisms of IRI before focusing on a few studies of the mechanisms
of IRI in pancreas transplantation.

Cold organ preservation (cold ischemia) leads to lesions that are secondarily worsened
by the afflux of oxygen during reperfusion [28,29]. Hypoxia induces cell injury and reactive
oxygen species production. The depletion of adenosine triphosphate (ATP) leads to the
dysfunction of Na/K ATPases pumps, thus promoting cellular edema. In severe ischemic
conditions, it leads to cellular death (necrosis or apoptosis) [30]. Oxidative stress strongly
increases during reperfusion due to the massive and brutal oxygen supply. Lesions induced
by IR in the kidney lead to the development of tubulointerstitial fibrosis, contributing to
chronic allograft dysfunction [31]. Inflammation mediated by the innate immune system
starts during ischemia and worsens during reperfusion, with secondarily the recruitment
of mediators of adaptive immunity [32]. These events are initiated by the release of DAMPs
(damage-associated molecular patterns) and HIF (hypoxia-inducible factors) by cells suf-
fering from ischemia, in addition to the expression of adhesion molecules at their cell
surface. DAMPs ligation to TLRs expressed by organ cells and immune cells leads to the
transcription of pro-inflammatory mediators, mostly via a transcription factor called NF-B
(nuclear factor-kappa B). Endothelial lesions induced by IR increase vascular permeability
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reperfusion, and recruits adaptive immunity140. Endothelial lesions enhance 

vascular permeability, facilitating immune cell infiltration141. Macrophages, 

dynamic in polarization, contribute to IR lesions and influence allorecogni-

tion142. 

Neutrophils obstruct microvessels and release damaging substances during 

IRI, while activated neutrophils intensify damage by releasing neutrophil ex-

tracellular traps (NETs)143. Complement cascade molecules negatively influ-

ence IR lesions144. Pancreas susceptibility to IRI impacts organ quality, par-

ticularly islet cells145,146. Extended ischemia associates with decreased islet 

yield147. Pancreatic ischemia-reperfusion induces membrane breakdown, ox-

idative stress, necrosis, apoptosis, and leukocyte infiltration148. 

The inflammatory milieu during ischemia-reperfusion amplifies transplant 

immunogenicity, with macrophages bridging innate and adaptive immun-

ity149. Dendritic cells (DC) activated by DAMPs recruit donor and recipient 

DCs, promoting alloimmune responses150. Neutrophils and macrophages 

can modulate the adaptive immune response, aiding tolerance and tissue re-

pair151,152. Auto-reactive T and B lymphocytes in pancreas transplant recipi-

ents pose challenges, but there is no direct evidence linking ischemia-reper-

fusion to type 1 diabetes recurrence153. 
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1.Limited Understanding of Ischemia-Reperfusion Injuries (IRI) in Pancreatic and Islet Transplantation: Compared to 
kidney transplantation, knowledge about IRI in whole pancreas and islet transplantation is limited. Challenges in 
obtaining biopsy samples and the infrequency of pancreatic and islet transplants contribute to this knowledge gap.
2.Impact of Brain Death on Graft Survival: Brain death is associated with reduced graft survival in various
transplants, including pancreatic transplants. It triggers inflammation and endothelial activation even before organ
procurement, compromising pancreatic microcirculation and predicting the severity of graft pancreatitis. Brain death
induces a systemic inflammatory response, releasing proinflammatory cytokines and biomarkers like CCL2/MCP-1, 
which correlate with lower graft survival, especially in simultaneous kidney-pancreas transplants.
3.Inflammatory Cascade and Ischemia-Reperfusion Injury: Brain death initiates an inflammatory cascade affecting
organ endothelium and microvascularization. Cold organ preservation exacerbates ischemic damages, leading to 
cellular edema, oxidative stress, and ATP depletion. Ischemia can cause cellular death through necrosis or apoptosis, 
intensified by oxygen delivery during reperfusion. Innate immune system-mediated inflammation starts during
ischemia, escalating during reperfusion, and recruits adaptive immunity. Endothelial lesions enhance vascular
permeability, facilitating immune cell infiltration.
4.Role of Immune Cells in Ischemia-Reperfusion Injury: Neutrophils, macrophages, and dendritic cells play crucial
roles in exacerbating ischemia-reperfusion injury and influencing alloimmune responses. Neutrophils obstruct
microvessels and release damaging substances, while macrophages bridge innate and adaptive immunity. Dendritic
cells recruit donor and recipient dendritic cells, promoting alloimmune responses. Neutrophils and macrophages can 
modulate the adaptive immune response, aiding tolerance and tissue repair.
5.Impact on Islet Quality and Transplant Immunogenicity: Pancreatic susceptibility to IRI impacts organ quality, 
particularly islet cells. Extended ischemia associates with decreased islet yield, and pancreatic ischemia-reperfusion
induces membrane breakdown, oxidative stress, necrosis, apoptosis, and leukocyte infiltration. The inflammatory
milieu during ischemia-reperfusion amplifies transplant immunogenicity, posing challenges for tolerance induction
and tissue repair. Auto-reactive T and B lymphocytes in pancreas transplant recipients present additional challenges, 
although there is no direct evidence linking ischemia-reperfusion to type 1 diabetes recurrence.

Take Home message
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1.6 Pancreas preservation: clinical practice and future developments 

Maintaining organ viability during the period between donation and trans-

plantation is essential for the best possible outcome and longevity of the 

graft. For organ preservation in pancreatic and islet transplantation, static 

cold storage (SCS) continues to be the most commonly used technique. Mi-

crovascular dysfunction combined with the pancreas's susceptibility to is-

chemia-reperfusion damage and edema during retrieval and preservation 

presents difficulties, though. SCS contributes to cell death during ischemia 

by denying cells of oxygen, which prevents aerobic respiration and the pro-

duction of ATP. Graft injury is made worse by reperfusion, which especially 

affects the delicate Langerhans islets. This susceptibility, which is essential 

for better glucose regulation, is linked to unfavorable clinical results follow-

ing islet and whole pancreas transplantation. Compared to other abdominal 

organs, pancreas transplantation presents a unique challenge due to micro-

vascular dysfunction, which exacerbates graft thrombosis, pancreatitis, and 

ultimately graft failure. 

 

 

 

 



CHAPTER 1 ~ Background  

 74 

1.6.1 Static cold storage 

SCS stands for standard organ retrieval and international organ transporta-

tion. It is thought that keeping the temperature between 2 and 4 °C hypo-

thermic can lessen the effects of ischemia injury by slowing down cellular 

metabolism, which in turn lowers the amount of ATP and oxygen used. For 

every 10 °C drop in temperature, there is an observed decrease in metabolic 

activity of up to two times154. 

In 1982, preliminary studies comparing machine perfusion versus cold stor-

age in canine models showed that machine perfusion resulted in graft failure 

rates of 30% at 24 hours and 40% at 48 hours155. On the other hand, with cold 

storage, no malfunctions were seen at 24 or 48 hours. Over the past three 

decades, SCS has become the most popular and recommended approach of 

pancreatic preservation because to these results as well as the difficulties as-

sociated with machine perfusion156. 

Using materials that are metabolically inert for organ preservation, Belzer 

and Southard created the UW in the late 1980s157. The two main components 

are lactobionate and raffinose. A hydroxyethyl starch (HES) called raffinose 

has free radical scavengers and reduces edema. UW is the most widely uti-

lized preservation solution since it has been found to produce better results 

than SCS when used in whole pancreatic organ preservation158. 
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Histidine Tryptophan Ketoglutarate solution (HTK) is an alternative to UW. 

HTK is a low-potassium, low-viscosity solution designed to remove extra-

cellular calcium and sodium in order to inactivate organ activity. Its mecha-

nism of action is based on this as well as the strong buffering of the extracel-

lular space by histidine hydrochloride. HTK's electrolyte content and osmo-

larity are comparable to extracellular fluid and plasma, respectively. Com-

paring UW versus HTK in 77 consecutive pancreatic transplants, Englesbe et 

al. conducted a multi-center research in 2006 and found similar results for 

the two groups159. 

Similar to this, Becker et al.'s 2007 study found no appreciable variations in 

patient or graft survival after SCS using HTK or UW160. HTK-flushed grafts 

seemed more edematous, although this did not appear to affect early graft 

function. Based on some research, HTK may be preferred to UW due to early 

transplant rejection, graft pancreatitis, and graft loss161. 

An extracellular low-viscosity preservation solution is called Celsior. Baldan 

et al. used a pig auto-transplant model to show how effective it is as a pan-

creatic procurement substitute for UW162. In contrast to these results, 

Uhlmann et al. reported in a swine model that using Celsior was linked to 

more ischemia-reperfusion injury when compared to UW163. Lipid peroxida-

tion upon reperfusion of pancreata kept in Celsior and UW was shown to be 

identical by Garcia-Gil et al164. Comparing UW with Celsior in human mod-

els, Boggi et al.'s first prospective randomized research of SCS revealed 
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comparable safety profiles for pancreatic preservation165. Similar 2-year re-

cipient and graft survival rates, leak rates, and rates of clinical graft pancre-

atitis were found in a related study by Manrique et al. contrasting Celsior 

with UW166. 

Despite having a substantially different composition, the Institut Georges 

Lopez-1 solution (IGL-1) is another low-viscosity solution that has been 

demonstrated to be comparable to UWS and HTK in terms of feasibility and 

safety. It is believed that the inverted Na+ and K+ concentrations in IGL-1 

relative to UW lessen edema. In IGL-1, polyethylene glycol PEG takes the 

place of the HES component of UW. This substitution lowers viscosity and 

promotes nitric oxide, which is thought to prevent ischemia. Garcia-Gil et al. 

discovered that IGL-1 was equally as efficacious as UW for pancreatic FCS 

in a swine pilot investigation167. Subsequently, Chedid et al. reported on five 

kidney and pancreas transplants performed concurrently using IGL-1 dur-

ing organ procurement and fixed cold storage168. With all five pancreas per-

forming primary function and resulting in insulin independence and no 

graft thrombosis, the median cold ischemia period was 13 hours. 
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1.6.2 Two-Layer Method 

For the purpose of cold storing pancreatic grafts, the Two-Layer Method 

(TLM) combines Perfluorocarbons (PFCs) with standard SCS perfusion fluid 

(Figure 13). PFCs have the amazing ability to reversibly bind enormous 

amounts of oxygen, giving them a concentration of oxygen higher than that 

of human blood169. In order to take use of the advantages of SCS while using 

PFCs as a source of oxygen, the TLM forms a bottom layer of PFCs and a top 

layer of UW or (ECS)170,171. 

According to early research on small animals, the TLM could maintain pan-

creatic viability for up to 96 hours172. Large-scale animal experiments, how-

ever, have not provided clear evidence of the efficiency of oxygen penetra-

tion into deep tissue. There is no conclusive evidence that PFCs are superior 

to conventional SCS, and their therapeutic effects seem to be restricted to the 

surface layer of cells in solid organs173. 

Promising outcomes were observed in a study comparing TLM with UW in 

the cold storage of pancreatic grafts. When reperfusion occurred, none of the 

grafts in the TLM group showed signs of edema, while 23.3% of the grafts in 

the UW group did. Grafts with the highest overall quality score were more 

common in the TLM group (70% vs. 57.1% in the UWS group). Furthermore, 

during hospitalization, a higher percentage of recipients in the TLM group 

(90%) than in the UW group (70.5%) attained insulin independence; never-

theless, there was no statistically significant difference 
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in the duration required for insulin independence between the two groups174. 

 

 

Figure 13. Two-layer technique for pancreas preservation. 

 Following spleen and excess fat removal (and preferably the duodenum), the pan-
creas is positioned beneath the carriage, and the threaded legs are adjusted to opti-
mize its placement at the preoxygenated PFC/UW interface. Ensuring adequate cov-
erage, approximately two-thirds of the organ is immersed in PFC. 

(Noguchi H, Levy MF, Kobayashi N, Matsumoto S. Pancreas preservation by the 
two-layer method: does it have a beneficial effect compared with simple preserva-
tion in University of Wisconsin solution? Cell Transplant. 2009;18(5):497-503. doi: 
10.1177/096368970901805-603. PMID: 19775509.) 
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2. Chilled, sterile PFC is poured into a standard 1-L 1–6 L/min for at least 30 min is required to saturate the
PFC (37). Moreover, removal of the spleen and excessNalgene jar, overlaid with UW, and the carriage

placed into the solution. fat (and the duodenum, when possible) along with ade-
quate contact between the PFC and the pancreas are ex-3. PFC is oxygenated just before pancreas preservation

with 100% oxygen at 1–6 L/min for more than 30 tremely important for pancreas oxygenation.
min. Respiratory oxygen is supplied through oxygen-

CLINICAL STUDIES OF TLMimpermeable tubing, a 0.22-µm sterile syringe tip fil-
ter, and a 150-cm-long sterile extension line that is A total of 46 publications from several institutes fo-

cusing on pancreas preservation with TLM for islet iso-connected to the luer fitting on the hollow leg. Oxy-
gen flows through the hollow leg and out through the lation were identified on PubMed. Most of the publica-

tions have shown positive effects of utilizing TLM forsmall hole into the PFC. The small hole makes small
oxygen bubbles that oxygenate the PFC more effi- pancreas preservation. In these publications, some arti-

cles reported on clinical studies that had been carriedciently than large bubbles.
4. After removal of the spleen and excess fat (and the out. We showed the positive effects of TLM for pan-

creas preservation and human islet isolation, as assessedduodenum, if possible), the pancreas is placed under
the carriage and the threaded legs adjusted to opti- by the Edmonton isolation protocol (33). We also de-

scribed an improvement in the transplant rate with themize the pancreas location at the PFC/UW interface.
Two thirds of the organ must be covered with PFC use of TLM (transplant number/isolation number; 3/3;

100%), compared with storage in UW solution alone (2/(Fig. 1).
5. The jar is closed. The temperature is maintained at 6; 33%) (37). Ricordi et al. at the University of Miami

showed that 2 of 18 (11%) organs preserved with UW4–9°C during preservation.
It is very important to oxygenate PFC after construct- simple storage were used for clinical islet transplanta-

tion, whereas 8 of 15 (53%) organs preserved with TLMing the two-layer solution because oxygen easily escapes
from the top surface of the PFC layer if it is not covered were used (54). Tsujimura et al. at the University of

Alberta showed the addition of TLM (additional storageby the other solution. Sufficient oxygen supply to the
PFC is also important and 100% oxygen at the rate of by TLM after UW storage) improved the transplant rate

(5/7; 71%) compared with UW storage alone (5/14;
36%) (58). Moreover, the same group showed the evalu-
ation of human islet isolation records from 142 human
pancreata between January 2001 and February 2003.
The study found that the success rates of islet isolations
were at 62% in the TLM group but only 22% in the UW
group with 10–16 h of cold storage (57). Hering et al.
at the University of Minnesota showed that islets from
pancreata preserved by TLM in combination with treat-
ment of anti-CD3 antibody could result in successful
single-donor islet transplants, although this study did not
compare this approach against UW storage (8).

On the other hand, two negative studies have recently
been published. Kin et al. at the University Alberta re-
ported on the evaluation of human islet isolation records
from 166 human pancreata between April 2003 and Oc-
tober 2005 (10). They did not find any significant differ-
ences between the TLM group and the UW group. How-
ever, they also showed that there were no significant
differences in ATP content in pancreatic tissue after
preservation. In addition, their success rates of islet iso-
lation in both TLM and UW group were low (42.7%
and 35.1%, respectively). These data suggest suboptimal

Figure 1. Two-layer method for pancreas preservation. After performance of TLM. There are several possibilities for
removal of the spleen and excess fat (and the duodenum, if the poor performance of TLM in this report, such as
possible), the pancreas is placed under the carriage and the

incomplete oxygenation of PFC, prevention of O2 deliv-threaded legs adjusted to optimize the pancreas location at the
ery to a pancreas due to a high volume of excess fat,preoxygenated PFC/UW interface. Two thirds of the organ

must be covered with PFC. insufficient contact between the pancreas and PFC solu-
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1.6.3 Oxygen Persufflation 

During SCS, oxygen is simply infused into an organ using a process called 

oxygen persufflation (PSF), in which bubbling introduces oxygen into the 

organ's vasculature (Figure 14). It has been shown that directly introducing 

filtered and humidified oxygen into the graft's vasculature can increase ATP 

levels and reduce metabolic stress. 

 

 

Figure 14. Oxygen persufflation 

The entire pancreas organ is maintained in University of Wisconsin solution (UW), 
cooled via an ice bath, and oxygenated through direct cannulation. Cannulation of 
either the arteries or portal vein allows for anterograde or retrograde persufflation. 
Integrating this approach with the two-layer technique would necessitate a transi-
tion to a different preservation medium from UW solution.(Dholakia S, Royston E, 
Sharples EJ, Sankaran V, Ploeg RJ, Friend PJ. Preserving and perfusing the allograft 
pancreas: Past, present, and future. Transplant Rev (Orlando). 2018 Jul;32(3):127-131. 
doi: 10.1016/j.trre.2018.02.001. Epub 2018 Mar 6. PMID: 29566990.) 

[28]. An experimental study by Scott et al. showed equivalent results,
where either human pancreatic or paired porcine pancreatic lobes
were preserved for up to 24 h with either PSF or TLM. PSF was per-
formed by pumping 20 cm3/min 40%-oxygen humidified gas to the su-
perior mesenteric artery and celiac trunk averaging pressures of 10–
20 mm Hg. Homogeneity of PSF was assessed by magnetic resonance
imaging (MRI) visualising negative contrast associated with gas in the
vasculature. The ATP to inorganic phosphate ratio (ATP:Pi) was non-
invasively measured and porcine islets were isolated following 6 and
24-hour preservation. The results demonstrated that pancreatic tissue
was homogeneously persufflated, with elevated ATP levels and islet
yields similar to that of fresh pancreas tissue [29].

6. Perfusion techniques

The pancreas is a low flow organ with complex vascular anatomy,
and unlike other organs, ideal perfusion parameters of flow and pres-
sure are hard to establish.Whilst high perfusion pressures can cause en-
dothelial injury and an increased rate of thrombosis, low pressures can
lead to under-perfusion and inadequate oxygenation. The first recorded
attempt at perfusing an isolated organ was by Loebel in 1849, followed
in 1895by Langendorf, who created anorgan-perfusion techniqueusing
apparatus consisting of a medium reservoir and a siphon tube con-
nected to the organ. The system was non-pulsatile, and was infused
by gravity without recirculation [30].

7. Hypothermic machine perfusion (HMP)

Experience in HMP of the pancreas has been largely based upon
methodology developed in the kidney HMP recirculates cold preserva-
tion solution with various methods to regulate pressure and/or flow.
The purported benefits of HMP include clearance of the products of an-
aerobic metabolism, reduction of vascular resistance (thought to be a
marker of viability) and the provision of oxygen, with commercial
HMP devices for liver and kidney now available.

Perfusate used in HMP of the pancreas vary greatly with UWS used
frequently or Kidney Perfusion Solution (KPS-1), which is the formula-
tion of UWS designed, adapted for MP. The scientific basis of the perfu-
sion solutions used in HMP is the minimisation of ischaemic injury and
interstitial oedema [31].

Several porcine and canine studies have shown the pancreas can be
preserved for up to 24 h using HMP, although oedema was noted [32].
Karcz et al. perfused 15 porcine pancreases at a temperature of 4–10 °C
for 315min, at a perfusion pressure of 15–23mmHg. Although pancreas
weight gain ranged from 3.2% to 18.3%, a significant reduction in islet and
acinar cell damagewas observedpost-perfusion [33]. It is thought that the

higher degree of interstitial oedema with HMP compared to SCS may be
due to disruption of the extracellular space even at low pressures. This
suggests that HMPmay be valuable for islet cell isolation, inwhich the in-
tercellular disruption and oedema might aid enzymation digestion [34].

Two recent human studies have shown successful pancreas outcomes
using HMP. Leemkuil et al. compared 8 human pancreases (4 DCD and 4
DBD) preservedbyHMPand 8 (4DCDand 4DBD) preserved by SCS. HMP
was performed for 6 hwith oxygenated Belzer UWS, using dual perfusion
of the superior mesenteric artery and the splenic artery. Tissue biopsies
and samples of the preservation fluid were collected at baseline and
after 6 h of preservation. At baseline, the ATP content in the DCD groups
was, as expected, significantly lower than in both DBD groups. After pres-
ervation, theATP levels fell in both groupspreservedby SCS, but increased
in both groups after HMP. Indeed, the post preservation ATP content in
the DCD group treated with HMP, was similar to the pre-preservation
ATP level in DBD organs. During HMP, amylase, lipase and LDH levels in
the preservation fluid increased reaching a plateau after 5 h of HMP, sug-
gesting that there was no further accumulation of cellular injury [35].

Cantarocvich et al. has recently presented a series of 7 human DBD
pancreases, which were perfused using preservation solution IGL-1
and pumped using the HMP system developed by Waters Medical Sys-
tems, theWAVE perfusion machine, which operates at a pressure of 25
mmHg. Tissue biopsies at 6, 12, and 24 h of perfusion showed no evi-
dence of oedema [36].

8. Normothermic perfusion

The first normothermic pancreas perfusion was in 1926 by Babkin
and Starling who perfused isolated canine pancreases. Grafts with
shorter preservation periods demonstrated higher production of insulin
comparedwith those preserved for greater than 24 h. These result led to
the hypothesis that insulin production reflected the amount of organ in-
jury and may correlate with organ preservation [37]. Normothermic
perfusion models are designed to reproduce physiological parameters
of pressure and flow, while hypothermic models tend to operate at
sub-physiological pressures (see Fig. 2). Meyer et al. and Eckhauser
et al. perfused two canine pancreases using pressures of 75 mm Hg
and 90–110 mm Hg respectively. Both showed good preservation of
function, but still sustained tissue oedema [38,39].

Barlow et al. has perfused five discarded human pancreases. These or-
gans were procured for the purpose of transplantation and then declined
as unsuitable (for reasons not documented). Donor ages ranged from 14
to51 years and includedbothDCDandDBDorgans. Themedian cold isch-
aemic time (before starting NMP) was 13 h 19min. Perfusion pressures
were maintained at 50–55mmHg keeping a stable mean arterial flow
of 35 ± 2.8 ml/min/100 g. Perfusate insulin and amylase levels and

Fig. 1. Oxygen Persufflation:Whole organ pancreas is kept in UWS cooled by ice bath and
is oxygenated through direct cannulation. Either arteries or portal vein can be cannulated
to offer anterograde or retrograde persufflation. Combing this method with the two-layer
method would involve change of the UWmedium.

Fig. 2.Normothermic Perfusion: Shows principles of closed circuit perfusion, using a either
pulsatile or continuous perfusion,measuring the pressure and flow aswell as oxygenating
and warming the blood. Open circuits would not recirculate, while hypothermic circuits
use preservation fluid and ice, avoiding the need for additional devices in the circuit.

129S. Dholakia et al. / Transplantation Reviews 32 (2018) 127–131
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PSF is not a novel idea; it was accidentally discovered in 1902 when Rudolf 

Magnus noticed it happening during the perfusion of a cat's heart176. Here, 

compressed oxygen was accidentally given to the heart perfusion circuit ra-

ther than blood, but the heart's contractility remained. Bunzl et al. examined 

the benefits of PSF versus liquid perfusion in a spinal model of frogs in 

1954177. According to the model, PSF can maintain muscular contractions and 

peripheral nerve reflexes for up to 6–8 hours while also lowering edema lev-

els and enhancing tissue oxygenation. 

The positive benefits of PSF are supported by several experimental investi-

gations. Reddy et al. showed that raising ATP levels by PSF improved the 

preservation of a donor pancreas that wasn't beating heartily in a rat 

model178. Similar results were shown by Scott et al. in another investigation, 

in which paired pig or human pancreatic lobes were retained for up to 24 

hours using either PSF or the TLM179. PSF entailed injecting 20 cm3/min of 

gas humidified with 40% oxygen into the celiac trunk and superior mesen-

teric artery while preserving pressures between 10 and 20 mm Hg. Using 

magnetic resonance imaging (MRI), which shows the negative contrast 

linked to gas in the vasculature, the uniformity of PSF was evaluated. After 

6 and 24 hours of preservation, pig islets were extracted and the ATP to in-

organic phosphate ratio (ATP:Pi) was determined non-invasively. The re-

sults showed that pancreatic tissue was uniformly persufflated, with 
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increased ATP levels and islet yields that were similar to those of fresh pan-

creatic tissue. 

 

1.6.4 Hypothermic machine perfusion  

The methods created for kidney preservation have mostly been applied to 

the application of hypothermic machine perfusion (HMP) to pancreatic 

preservation (Figure 15). HMP uses a variety of techniques to control flow 

and/or pressure while recirculating cold preservation solution. The removal 

of anaerobic metabolism byproducts, the lowering of vascular resistance—

which is regarded as a viability marker—and the supply of oxygen are 

among the purported benefits of HMP180. Devices for liver and kidney appli-

cations are now commercially accessible with HMP technology181,182. 

In HMP for the pancreas, a variety of perfusates are employed, most often 

the Kidney Perfusion Solution (KPS-1), which is a modification of the UW 

intended for machine perfusion. The reduction of interstitial oedema and is-

chemic damage is the fundamental scientific justification for the perfusion 

solutions utilized in HMP. 

HMP has the capacity to preserve the pancreas for up to 24 hours, according 

to several investigations on pigs and dogs, albeit some of the cases had oe-

dema183. 
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Figure 15. Hypothermic Machine Perfusion 

In the hypothermic perfusion investigations (typically conducted at 4°C), pancreas 
perfusion is regulated by pressure, with arterial pressures upheld at standard val-
ues. Hence, contingent upon intravascular resistance—often elevated in impaired 
organs—arterial blood flow will vary under constant perfusion pressure. Conse-
quently, it's imperative to evaluate and concurrently report flow, pressure, and re-
sistance. 

 

In a research, Karcz et al. perfused 15 pig pancreases for 315 minutes at a 

temperature between 4 and 10 °C and a perfusion pressure between 15 and 

23 mm Hg184. Although the amount of pancreatic weight gained varied, post-

perfusion imaging showed a marked decrease in damage to the islets and 

acinar cells. It is hypothesized that even at low pressures, the extracellular 

space may be disrupted, leading to a greater degree of interstitial oedema 

with HMP as opposed to SCS. This implies that HMP could be useful in islet 

cell separation, as oedema and intercellular disruption could facilitate enzy-

matic digestion185. 
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Human investigations conducted recently have demonstrated the effective-

ness of HMP in pancreatic preservation186,187. Eight human pancreases, four 

donated after circulatory death (DCD) and four donated after brain death 

(DBD), preserved by HMP, were compared with oxygenated Belzer UW by 

Leemkuil et al. For six hours, the splenic and superior mesenteric arteries 

were dual perfused. At baseline and six hours during preservation, tissue 

biopsies and preservation fluid samples were taken. After HMP, ATP lev-

els—which had been lower in the DCD groups at baseline—rose and even-

tually reached levels comparable to those of DBD organs prior to preserva-

tion. After five hours of HMP, the enzyme levels in the preservation fluid 

peaked, indicating that there was no more cellular damage accumulating187. 

Cantarocvich et al. have demonstrated the use of the HMP system—the 

WAVE perfusion machine—developed by Waters Medical Systems to per-

fuse seven human DBD pancreases with the preservation solution IGL-1. Tis-

sue biopsies performed at a pressure of 25 mm Hg at 6, 12, and 24 hours of 

perfusion revealed no signs of oedema188. 

 

1.6.5 Normothermic Perfusion 

Normothermic pancreas perfusion (Figure 16), initiated in 1926 by Babkin 

and Starling perfusing isolated canine pancreases, showed that pancreases 

with shorter preservation periods exhibited higher insulin production 
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compared to those preserved for over 24 hours189. The concept arose from 

this discovery that insulin production could be correlated with organ preser-

vation and represent the degree of organ harm. 

Unlike hypothermic models, which frequently function at sub-physiological 

pressures, normothermic perfusion models seek to match physiological 

characteristics of pressure and flow. Two canine pancreases were perfused 

by Meyer et al. and Eckhauser et al. at pressures of 75 mm Hg and 90–110 

mm Hg, respectively. This resulted in good function preservation but con-

tinued tissue edema190,191. 

Barlow et al. performed normothermic perfusion on five human pancreases 

that were discarded after they were found to be unsuitable for transplanta-

tion. DCD and DBD Organs were made by donors ranging in age from 14 to 

51. Thirteen hours and nineteen minutes was the median cold ischemia time 

prior to initiating normothermic machine perfusion (NMP). The mean arte-

rial flow was consistently maintained at 35 ± 2.8 ml/min/100 g by maintain-

ing perfusion pressures between 50 and 55 mm Hg192,193. 
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Figure 16. Normothermic perfusion. 

Demonstrates the principles of closed-circuit perfusion, employing either pulsatile 
or continuous flow methods, with meticulous monitoring of pressure and flow rates, 
along with oxygenation and temperature regulation of the blood. Unlike open cir-
cuits, which lack recirculation, and hypothermic circuits utilizing preservation fluid 
and ice, normothermic perfusion maintains the organ within a near-physiological 
state without necessitating additional circuitry. 

(Dholakia S, Royston E, Sharples EJ, Sankaran V, Ploeg RJ, Friend PJ. Preserving and 
perfusing the allograft pancreas: Past, present, and future. Transplant Rev (Or-
lando). 2018 Jul;32(3):127-131. doi: 10.1016/j.trre.2018.02.001. Epub 2018 Mar 6. 
PMID: 29566990.) 

 

 

Amylase levels, perfusate insulin, and other indicators were measured. In 

order to test lipase and amylase, exocrine secretions were drained. Tissue 

biopsies evaluated indicators of ischemia-reperfusion injury, tissue damage, 

and viability. All of the organs showed tissue edema, however there was 

[28]. An experimental study by Scott et al. showed equivalent results,
where either human pancreatic or paired porcine pancreatic lobes
were preserved for up to 24 h with either PSF or TLM. PSF was per-
formed by pumping 20 cm3/min 40%-oxygen humidified gas to the su-
perior mesenteric artery and celiac trunk averaging pressures of 10–
20 mm Hg. Homogeneity of PSF was assessed by magnetic resonance
imaging (MRI) visualising negative contrast associated with gas in the
vasculature. The ATP to inorganic phosphate ratio (ATP:Pi) was non-
invasively measured and porcine islets were isolated following 6 and
24-hour preservation. The results demonstrated that pancreatic tissue
was homogeneously persufflated, with elevated ATP levels and islet
yields similar to that of fresh pancreas tissue [29].

6. Perfusion techniques

The pancreas is a low flow organ with complex vascular anatomy,
and unlike other organs, ideal perfusion parameters of flow and pres-
sure are hard to establish.Whilst high perfusion pressures can cause en-
dothelial injury and an increased rate of thrombosis, low pressures can
lead to under-perfusion and inadequate oxygenation. The first recorded
attempt at perfusing an isolated organ was by Loebel in 1849, followed
in 1895by Langendorf, who created anorgan-perfusion techniqueusing
apparatus consisting of a medium reservoir and a siphon tube con-
nected to the organ. The system was non-pulsatile, and was infused
by gravity without recirculation [30].

7. Hypothermic machine perfusion (HMP)

Experience in HMP of the pancreas has been largely based upon
methodology developed in the kidney HMP recirculates cold preserva-
tion solution with various methods to regulate pressure and/or flow.
The purported benefits of HMP include clearance of the products of an-
aerobic metabolism, reduction of vascular resistance (thought to be a
marker of viability) and the provision of oxygen, with commercial
HMP devices for liver and kidney now available.

Perfusate used in HMP of the pancreas vary greatly with UWS used
frequently or Kidney Perfusion Solution (KPS-1), which is the formula-
tion of UWS designed, adapted for MP. The scientific basis of the perfu-
sion solutions used in HMP is the minimisation of ischaemic injury and
interstitial oedema [31].

Several porcine and canine studies have shown the pancreas can be
preserved for up to 24 h using HMP, although oedema was noted [32].
Karcz et al. perfused 15 porcine pancreases at a temperature of 4–10 °C
for 315min, at a perfusion pressure of 15–23mmHg. Although pancreas
weight gain ranged from 3.2% to 18.3%, a significant reduction in islet and
acinar cell damagewas observedpost-perfusion [33]. It is thought that the

higher degree of interstitial oedema with HMP compared to SCS may be
due to disruption of the extracellular space even at low pressures. This
suggests that HMPmay be valuable for islet cell isolation, inwhich the in-
tercellular disruption and oedema might aid enzymation digestion [34].

Two recent human studies have shown successful pancreas outcomes
using HMP. Leemkuil et al. compared 8 human pancreases (4 DCD and 4
DBD) preservedbyHMPand 8 (4DCDand 4DBD) preserved by SCS. HMP
was performed for 6 hwith oxygenated Belzer UWS, using dual perfusion
of the superior mesenteric artery and the splenic artery. Tissue biopsies
and samples of the preservation fluid were collected at baseline and
after 6 h of preservation. At baseline, the ATP content in the DCD groups
was, as expected, significantly lower than in both DBD groups. After pres-
ervation, theATP levels fell in both groupspreservedby SCS, but increased
in both groups after HMP. Indeed, the post preservation ATP content in
the DCD group treated with HMP, was similar to the pre-preservation
ATP level in DBD organs. During HMP, amylase, lipase and LDH levels in
the preservation fluid increased reaching a plateau after 5 h of HMP, sug-
gesting that there was no further accumulation of cellular injury [35].

Cantarocvich et al. has recently presented a series of 7 human DBD
pancreases, which were perfused using preservation solution IGL-1
and pumped using the HMP system developed by Waters Medical Sys-
tems, theWAVE perfusion machine, which operates at a pressure of 25
mmHg. Tissue biopsies at 6, 12, and 24 h of perfusion showed no evi-
dence of oedema [36].

8. Normothermic perfusion

The first normothermic pancreas perfusion was in 1926 by Babkin
and Starling who perfused isolated canine pancreases. Grafts with
shorter preservation periods demonstrated higher production of insulin
comparedwith those preserved for greater than 24 h. These result led to
the hypothesis that insulin production reflected the amount of organ in-
jury and may correlate with organ preservation [37]. Normothermic
perfusion models are designed to reproduce physiological parameters
of pressure and flow, while hypothermic models tend to operate at
sub-physiological pressures (see Fig. 2). Meyer et al. and Eckhauser
et al. perfused two canine pancreases using pressures of 75 mm Hg
and 90–110 mm Hg respectively. Both showed good preservation of
function, but still sustained tissue oedema [38,39].

Barlow et al. has perfused five discarded human pancreases. These or-
gans were procured for the purpose of transplantation and then declined
as unsuitable (for reasons not documented). Donor ages ranged from 14
to51 years and includedbothDCDandDBDorgans. Themedian cold isch-
aemic time (before starting NMP) was 13 h 19min. Perfusion pressures
were maintained at 50–55mmHg keeping a stable mean arterial flow
of 35 ± 2.8 ml/min/100 g. Perfusate insulin and amylase levels and

Fig. 1. Oxygen Persufflation:Whole organ pancreas is kept in UWS cooled by ice bath and
is oxygenated through direct cannulation. Either arteries or portal vein can be cannulated
to offer anterograde or retrograde persufflation. Combing this method with the two-layer
method would involve change of the UWmedium.

Fig. 2.Normothermic Perfusion: Shows principles of closed circuit perfusion, using a either
pulsatile or continuous perfusion,measuring the pressure and flow aswell as oxygenating
and warming the blood. Open circuits would not recirculate, while hypothermic circuits
use preservation fluid and ice, avoiding the need for additional devices in the circuit.

129S. Dholakia et al. / Transplantation Reviews 32 (2018) 127–131
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significant diversity amongst them. The organs were neither islet isolated or 

transplanted, which made it difficult to estimate the mass of functional beta 

cells. The study emphasizes that it is feasible to evaluate organ viability 

while a machine is perfusing blood, but it also poses an important technical 

question of whether a normothermic perfusion device must be able to be 

transported to the hospital of the donor. This delicate transplanted organ is 

susceptible to inflammatory damage from even a few hours of cold ischemia. 

 

1.6.6 Normothermic regional perfusion and flush  

Clinical pancreatic transplantation has used normothermic regional perfu-

sion (NRP), which makes use of extracorporeal membrane oxygenation-

based technology (Figure 17). This technique is particularly useful for dona-

tion from DCD donors 194,195. During the process, venous and arterial cannu-

lations are made, with the goal of particularly supplying oxygen-rich, nor-

mothermic blood to the abdominal organs. 

While there are few documented successful examples of islet cell transplan-

tation and solid organ pancreas transplantation following NRP, new re-

search indicates encouraging results196. According to histological studies, or-

gans flushed at a flow rate of ≤500 mL/min with an IGL1 preservation solu-

tion did not negatively impact pancreas histology197. 
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Figure 17. Cannulation and circuit for normothermic regional perfusion. 

ECMO circuit is the same for both thoracoabdominal normothermic regional perfu-
sion and abdominal-normothermic regional perfusion. In TA-NRP, the aorta and 
right atrium are cannulated; in A-NRP, the femoral artery and femoral vein are can-
nulated. In addition, the circuit is modified to accommodate two suctions for blood 
collection. Alamouti-Fard E, et al. Normothermic Regional Perfusion is an Emerging 
Cost-Effective Alternative in Donation After Circulatory Death (DCD) in Heart 
Transplantation. Cureus. 2022 Jun 29;14(6):e26437 
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1.Importance of Organ Preservation: Maintaining organ viability during the period between donation and 
transplantation is crucial for optimal graft outcomes. For pancreatic and islet transplantation, static cold
storage (SCS) remains the most commonly used technique, despite challenges associated with microvascular
dysfunction and susceptibility to ischemia-reperfusion damage.
2.Static Cold Storage (SCS): SCS involves keeping the organ at temperatures between 2 and 4 °C to slow down 
cellular metabolism and reduce oxygen consumption. Various preservation solutions, such as University of 
Wisconsin (UW) solution, Histidine Tryptophan Ketoglutarate (HTK) solution, Celsior solution, and Institut 
Georges Lopez-1 (IGL-1) solution, are used during SCS to minimize ischemia-reperfusion injury.
3.Two-Layer Method (TLM): The Two-Layer Method combines Perfluorocarbons (PFCs) with standard SCS 
perfusion fluid to provide oxygen to the organ during preservation. While promising results have been
observed, particularly in maintaining pancreatic viability, further research is needed to establish its efficacy.
4.Oxygen Persufflation (PSF): PSF involves infusing oxygen directly into the organ's vasculature during SCS, 
aiming to increase ATP levels and reduce metabolic stress. Experimental studies have shown potential benefits 
in improving pancreatic preservation and maintaining islet function.
5.Hypothermic Machine Perfusion (HMP): HMP uses a machine to control flow and pressure while
recirculating cold preservation solution through the organ. It has shown promising results in preserving
pancreatic viability for up to 24 hours and reducing ischemia-reperfusion injury in animal and human studies.
6.Normothermic Perfusion: Normothermic perfusion seeks to match physiological characteristics of pressure 
and flow, maintaining the organ in a near-physiological state. Studies have demonstrated its feasibility in 
evaluating organ viability and minimizing inflammatory damage, particularly in pancreases discarded after 
being deemed unsuitable for transplantation.
7.Normothermic Regional Perfusion and Flush (NRP): NRP utilizes extracorporeal membrane oxygenation-
based technology to supply oxygen-rich, normothermic blood to abdominal organs, particularly beneficial for 
donation from Donation after Circulatory Death (DCD) donors. While there are limited documented cases, 
new research indicates promising results in islet cell transplantation and solid organ pancreas transplantation
following NRP.

Take Home message
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Aims of the thesis 

 

The overall aim was first to evaluate the feasibility of active oxygenated and 

non-active oxygenated hypothermic machine perfusion (HMP) in human 

donor pancreata as a viable and potentially superior preservation technique 

and to compare these two preservation techniques to the traditional method 

of static cold storage (SCS) by a human split pancreas model from deceased 

donors (donation after cardiocirculatory death (DCD) and donation after 

brain death (DBD)) discarded from  Eurotranplant centers for whole-pan-

creas transplantation and islet transplantation.  

The first paper studies the impact of the Discontinuous purification method 

on the islet isolation outcome.  This study aims to compare the efficacy of the 

COBE method vs the “bottle” method for the purification of human islets 

from deceased human pancreas donors. 

With the cessation of distribution of COBE 2991 in Europe, there is an urgent 

need to investigate alternative purification methods.  

The findings from this study, which are not currently documented in the ex-

isting literature, have paved the way for the integration of this purification 

method into subsequent research endeavors. 
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Paper 1: Continuous vs. discontinuous purification of isolated human islets: func-

tional and morphological comparison. Buemi A. et al, Front Endocrinol (Lausanne). 

2023 Jun 30;14:1195545.  

 

The second paper investigates the viability and potential superiority of two 

preservation techniques—active oxygenated and non-active oxygenated hy-

pothermic machine perfusion (HMP)—in human donor pancreata. A com-

parison is drawn between these two preservation methods and the conven-

tional approach of static cold storage (SCS). This assessment is conducted 

through the utilization of a human split pancreas model sourced from de-

ceased donors, encompassing cases of donation after cardiocirculatory death 

(DCD) and donation after brain death (DBD), which were previously dis-

carded from Eurotransplant centers designated for whole-pancreas trans-

plantation and islet transplantation.  

Paper 2: Exploring preservation modalities in a split human pancreas model to in-

vestigate the effect on the islet isolation outcomes. Buemi A. et al, Transplantation 

Direct, Paper on press. 

 

The focus of the third paper is an exploration into the various parameters, 

beyond the preservation method, that are associated with donor 
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characteristics, the pancreas, and isolation results. This investigation seeks 

to identify factors that can either positively or negatively impact the islet se-

cretory function. It is crucial to establish reliable parameters for selecting or-

gans capable of yielding favorable isolation outcomes, as the ultimate objec-

tive of any transplantation procedure is to normalize blood sugar levels and 

alleviate diabetic symptoms in transplant recipients. 

Recent studies have emphasized the importance of non-quantitative indica-

tors in this context. However, as of now, there is a gap in the literature re-

garding the use of perifusions as an analytical tool for assessing islet function 

and predicting parameters related to successful isolation outcomes. 

Paper 3: Donor- and isolation- related predictive factors of in vitro secretory function 

of cultured human islets. Buemi et al. Front Endocrinol (Lausanne), 2024 

15:1345351.  
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Results:  

Paper 1 

Continuous vs Discontinuous Purification of Isolated Human Islets: Func-

tional and Morphological Comparison.  
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Continuous vs. discontinuous
purification of isolated human
islets: functional and
morphological comparison

Antoine Buemi1*, Nizar I. Mouard2, Tom Darius1,
Arnaud Devresse1,3, Nada Kanaan3,
Pierre Gianello2 and Michel Mourad1

1Department of Surgery, Cliniques Universitaires Saint Luc, Université Catholique de Louvain, Surgery
and Abdominal Transplantation Unit, Brussels, Belgium, 2Pôle de chirurgie expérimentale et
transplantation, Université catholique de Louvain, Brussels, Belgium, 3Department of Internal
Medicine, Nephrology Division, Cliniques Universitaires Saint-Luc, Brussels, Belgium

Background: The COBE 2991 cell processor, commonly used for pancreatic islet
isolation, is no longer distributed in Europe, leading to a search for alternative
purification procedures with equivalent efficacy. The aim of this study was to
evaluate the efficacy of an alternative method based on the discontinuous
purification of islets.

Methods: The conventional isolation procedure using a standard continuous
islet purification with COBE 2991 of n = 4 human pancreas was compared to n =
8 procedures using a discontinuous purification with a “bottle” method from
donors of similar characteristics. Islet equivalents, purity, and dynamic glucose-
stimulated insulin secretion were evaluated.

Results: A similar islet yield was obtained using continuous vs. discontinuous
purification methods (76,292.5 ± 40,550.44 vs. 79,625 ± 41,484.46 islet
equivalents, p = 0.89). Islets from both groups had similar purity (78.75% ±
19.73% vs. 55% ± 18.16%, p = 0.08) and functionality both in terms of stimulation
index (3.31 ± 0.83 vs. 5.58 ± 3.38, p = 0.22) and insulin secretion (1.26 ± 0.83 vs.
1.53 ± 1.40 mean AUC, p = 0.73). Moreover, the size of the islets was significantly
larger in the discontinuous vs. continuous purification group (19.2% ± 10.3% vs.
45.4% ± 18.8% of islets less than 100 µm, p = 0.0097 and 23.7% ± 5.3% vs. 15.6% ±
5.8% of 200–250 µm islet size, p = 0.03).

Conclusion: Compared to the conventional purification procedure,
discontinuous purification with a bottle method shows similar results with
regard to isolation yield and islet secretory function. Furthermore, this
alternative technique allows for obtaining larger islets.

KEYWORDS

islet isolation, islet purification, COBE 2991 cell processor, discontinuous density
gradient, continuous density gradient
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Introduction

Pancreatic islet transplantation is a minimally invasive
treatment option to achieve better glucose control in selected
patients with type 1 diabetes (1). The techniques used for islet
isolation have improved over the years, leading to better outcomes.
However, many recipients still require two- or three-islet
transplantation procedures to achieve insulin independence (2).
The purification process is a critical step in islet isolation, and its
efficiency is directly related to the success of the procedure. Thus, up
to 15%–51% rates of islet loss during this step have been
reported (3).

Ficoll-based density gradients have been widely used for human
islet purification in most islet processing centers using a semi-
automated computerized COBE 2991 cell processor (4).

However, with the cessation of the distribution of COBE 2991 in
Europe, there is an urgent need to investigate alternative
purification methods.

Historically, other purification techniques have been used, such
as handpicking, serial sieving, and discontinuous density gradient
using 50–250 ml tubes/bottles, widely referred to as the “bottle”
method (2, 4, 5). To our knowledge, the efficacy of these techniques
has not been compared with the conventional COBE
2991 technique.

The present study aims to compare the efficacy of the COBE
method vs. the bottle method for the purification of human islets
from deceased human pancreas donors.

Material and methods

Between November 2019 and May 2022, 36 human islet
isolations were performed for research purposes.

Of these, n = 12 procedures were performed with the same
functional and morphological assessment.

N = 4 human islet isolations were made using continuous
purification, and n = 8 isolations were performed using
discontinuous purification with the bottle method.

Human pancreases for isolation

Human deceased donor pancreases were procured through a
multiorgan donor program from 2019 to 2022 following aortic
cross-clamp and in situ flush with Institut Georges Lopez-1
preservation solution (IGL-1) and transported to our islet
laboratory facility. Organs were used for research only if
discarded for clinical pancreas or islet transplantation and if
research consent was present, according to the guidelines of our

local medical ethical committee (Comité d’éthique hospitalo-
facultaire UCL (CEHF), 2019/07MAI/201).

The following donor characteristics at donation were collected:
donor age and gender, body mass index (BMI), graft origin, cause of
death, medical history, laboratory results, medications, and
ischemia times.

Pancreatic islet isolation

Dissection, cannulation, enzymatic perfusion, and digestion of
pancreatic tissue were identical in both groups. A blend of
collagenase NB1 and neutral protease (SERVA Electrophoresis,
Heidelberg, Germany) was used to perfuse the organ, aiming for
pancreas distension with minimal leakage.

The enzyme was delivered via the pancreatic duct under
controlled temperature and pressure. The perfused pancreas was
then transferred to a Ricordi chamber and enzymatic and
mechanical dissociation was initiated by warming the closed
circuit to 37.0°C. Assessment of the tissue digest was performed
under microscopy as timed samples were stained with dithizone,
once a sufficient number of islets were free of exocrine tissue the
digestion was halted by dilution of enzyme and washing of the
tissue. The collected tissue was pooled and quantified to determine
islet mass and the percentage of islets still encapsulated with
acinar tissue.

Continuous purification
Islet separation from acinar tissue was achieved using a UW/

Ficoll continuous gradient on a COBE 2991 cell processor. Density
gradients of 1.062 and 1.072 g/ml were loaded into the COBE bag,
followed by the addition of tissue digest suspended in UW solution.
Following a 5-min centrifugation at 3,000 RPM, purity fractions
were collected and again pooled to yield a pure layer and subsequent
less pure layers.

Discontinuous purification
Digested pancreas tissue was suspended in 75 ml of 1.132 g/ml

polysucrose solution (Corning, USA) and transferred into a 250-ml
flat-bottom bottle. Two additional polysucrose solutions with
densities of 1.096 (65 ml) and 1.06 (45 ml) g/ml, respectively,
were then carefully added by slowly pipetting the solutions on top of
the first layer to create a discontinuous density gradient. All media
were cooled to 4°C, and centrifugation was equally performed at
this temperature. Isolated islets were then collected at the 1.096/1.06
interface following centrifugation for 17 min at 55 g (Figure 1).

Islet assessment

Islet yield and purity
Quantification and purity of islets were performed at the end of

the isolation using standard dithizone staining protocols (3). The
crude number of islets in each diameter class was determined by
counting islets using an optical graticule. The crude number of islets
was then converted to the standard number of islet equivalents (IEQ).

Abbreviations: AUC, area under curve; BMI, body mass index; CVA,

cerebrovascular accident; DBD, donation after brain death; DCD, donation

after circulatory death; HBP, high blood pressure; IGL1, Institut Georges

Lopez-1; IEQ, islet equivalent; RIA, radioimmunoassay; RPM, revolutions per

minute; UW, University of Wisconsin.

Buemi et al. 10.3389/fendo.2023.1195545
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Dynamic glucose-stimulated insulin
secretion test

The secretory function of isolated human islets was assessed by
dynamic islet perfusion experiments according to our previous
protocols (6). The working medium was a bicarbonate-buffered
solution containing 120 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2
mM MgCl2, 24 mM NaHCO3, 1 mg/ml BSA, and varying
concentrations of glucose as indicated in the figures. Batches of
1,000–2,000 IEQ were placed in perfusion chambers, covered with 8
µm cellulose filters, and sealed. Test solutions kept at 37°C and
gassed continuously to stabilize pH around 7.2 were pumped at a
flow rate of 1 ml/min. Effluent fractions were collected at 2-min
intervals and saved for insulin assays using radioimmunoassay
(RIA) kits (DiaSource ImmunoAssays, Ottignies, Belgium). At the
end of the experiments, islets were recovered, and their insulin
content was determined after extraction in acid-ethanol (75%
ethanol, 180 mM HCl from Merck, Overijse, Belgium).

Statistics

Data are presented as means ± standard deviation (SD).
Differences between the two groups were analyzed using Student’s t-
test. p-values < 0.05 were considered to indicate statistical significance.

Results

Donor characteristics

The donor characteristics of human pancreases that were used
for islet isolation and the islet isolation outcomes are summarized
in Table 1.

Baseline characteristics were similar in both groups.

Isolation results

A similar islet yield was obtained using the continuous vs.
discontinuous purification method (76,292.5 ± 40,550.44 vs. 79,625 ±
41,484.46, p = 0.89), even after correction for pancreas mass (1,181.68 ±
650.5 IEQ/g vs. 753.54 ± 397.73 IEQ/g, p = 0.18). The islet purity was
also similar in continuous vs. discontinuous purification method
groups (78.75% ± 19.73% vs. 55% ± 18.16%, p = 0.08).

Although the mean islet equivalent/g was similar in both groups
(p = 0.18), some significant differences were found in the size of
islets obtained after purification. Indeed, the percentage of islets
with a size < 100 µm was higher in the continuous vs. discontinuous
purification method groups (45.4% ± 18.8% vs. 19.2% ± 10.3%, p =
0.0097). In contrast, the percentage of islets measuring between 200
and 250 µm was lower in the continuous vs. discontinuous
purification method groups (15.6% ± 5.8% vs. 23.7% ± 5.3% of
islets size, p = 0.03). Case-by-case donor demographics results,
ischemia times, and isolation data of both groups are available in the
supplementary material (Supplementary Tables S1, S2).

After 1 day of culture, a dynamic GSIS was performed. Both
islet groups were responsive to glucose stimulation, with a similar
insulin secretory profile observed in islets purified by either method
(Figure 2A): a sharp and rapid short-lived increase of insulin
secretion (first phase) followed by a lower but constant secretion
rate (second phase). The peak stimulation index was also similar in
islets purified with a continuous vs. discontinuous purification
method (3.31 ± 0.83 vs. 5.58 ± 3.38, p = 0.22) (Figure 2B). Also,
the area under the insulin curve (calculated over 20 min of high
glucose stimulation) was similar (1.26 ± 0.83 vs. 1.53 ± 1.40 mean
AUC, p = 0.73) (Figure 2C).

FIGURE 1

The “bottle” purification method. After the suspension of the digested pancreas tissue in a 1.132-g/ml polysucrose solution, two additional
polysucrose solutions with densities of 1.096 and 1.06 g/ml, respectively, are added on top of the first layer to create a discontinuous density
gradient. Isolated islets were then collected at the 1.096/1.06 interface following centrifugation for 17 min at 55 g.

Buemi et al. 10.3389/fendo.2023.1195545
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TABLE 1 Donor demographics, ischemia times and isolation data of 4 islet isolations using continuous purification compared with 8 islet isolations
using discontinuous purification.

Continuous Purification Discontinuous Purification P

n=4 n=8

Donor Demographics

Age, (years) 52.2±20.6 48±10.7 0.64

Gender, n 0.71

Male 2 4

Female 2 4

Weight (mean kg±SD) 77±10.13 82.5±12.08 0.45

Height (mean cm±SD) 171±7.87 175.5±6,84 0.32

BMI (mean kg/m2±SD) 27±1.8 26,8±3.7 0.8

Donor Organ Source, n 0.99

DBD 1 2

DCD 3 6

Cause of Death, n 0.76

CVA 3 5

Trauma 0 3

Cardiac Arrest 1 0

Cardiac Arrest, n 1 4 0.45

Medical History

HBP, n 1 1 0.62

Smoking, n 0 3 0.99

Drug Abuse, n 0 1 0.99

Alchol Abuse, n 0 2 0.99

Infections, n 0 4 0.09

Vasopressor use, n 2 4 0.45

Laboratory Results

Lipase, (mean IU/L) 31±24.57 40,.4±33.32 0.71

Amylase, (mean IU/L) 171±68.46 81.66±71.98 0.19

Hemoglobine, (mean g/dL) 13.37±1.37 11.01±2.20 0.07

Ischemia time

Cold Ischemia time, h (±SD) 18.4±5.68 18.1 ±3.27 0.92

Warm Ischemia time, min (±SD) 12.1±20.2 20.37±9.07 0.48

Total Ischemia time, h (±SD) 19.23±5.53 18.1±3.29 0.72

Isolation data

Islet yield (mean IEQ,±SD) 76292.5±40550.44 79625±41484.46 0.89

Islet purity(mean %,±SD) 78.75±19.73 55±18.16 0.08

IEQ/gr (mean IEQ/gr,±SD) 1181.6±650.5 753.5±397.7 0.18

100/150 size (mean %) 45.5±18.8 19.2±10.3 0.0097

150/200 size (mean %) 20.4±7.1 26.1±6.3 0.84

(Continued)
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TABLE 1 Continued

Continuous Purification Discontinuous Purification P

n=4 n=8

200/250 size (mean %) 15.6±5.8 23.7±5.3 0.0381

250/300 size (mean %) 9.6±3.2 11.8±5.3 0.47

300/350 size (mean %) 3.6±3.5 7.8±4.6 0.14

350/ size (mean %) 5.2±2.3 9.3±8.6 0.38

BMI, body mass index; CVA, Cerebrovascular Accident; DBD, donation after brain death; DCD, donation after circulatory death; IEQ, islet equivalent, HBP, high blood pressure; SD, standard
deviation.

A

B C

FIGURE 2

Functional testing of isolated human islets after pancreas purification with a continuous (n = 4) vs. a discontinuous (n = 8) method. On day 1, cultured islets
from every isolation were perfused with a low concentration of glucose (1 mM glucose (G1)), followed by a high concentration of glucose (15 mM glucose
(G15)). (A) Both the areas under the curve of insulin secretion (AUC) and stimulation index of each paired group were not statistically significant (B, C).
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Discussion

Our results show that, compared to the conventional COBE
2991 isolation procedure, a technique using a discontinuous
purification with a bottle method has similar performance in the
isolation process and islet secretory function. If confirmed in larger-
scale studies, these preliminary results suggest that this procedure
might be considered an efficient alternative to the purification
process of the human pancreas.

However, we acknowledge that even if similar, the results of the
isolation process were poor in both groups, particularly in terms of
the obtained islet yields.

As expressed in numerous international clinical studies, the
most valuable parameters for deciding about the transplantability of
isolated islets are the number of islets (generally they must
correspond to more than 5,000 IEQ/kg of the recipient’s body
weight), purity (as a percentage of insulin-positive clusters,
generally > 70%), sterility, potency expressed by a stimulation
index > 1, and viability of more than 70% (7). In our study, these
values are not obtained due to the long ischemia times and the
nature of the donors rejected for clinical purposes. Long ischemia
times, both cold and warm, and donor unfavorable characteristics
affect cell life/death, thereby influencing islet and acinar cells and,
subsequently, isolation outcomes (8).

However, in both groups, the islet function remains satisfactory
regardless of the type of purification method performed, both in
terms of stimulation index and in terms of insulin secretion (9). We
can conclude that the discontinuous purification method, by not
impacting islet function, can replace continuous purification and
that to obtain results compatible with a transplantable product, it is
necessary to respect donor selection criteria and to minimize organ
ischemia time.

Moreover, as previously described by others (10), the size of
islets purified by the bottle method was significantly larger than
that of islets purified by COBE purification. This is more likely
related to the reduced shear stress during centrifugation in the
purification using the bottle method. The COBE bag has a narrow
segment, and islets suffered significant shearing force during
passage through this narrow segment. Since the bottle does not
have such a narrow segment, the shear stress could be
significantly reduced.

The impact of islet size on islet transplantation outcomes is a
debated topic in the literature.

Evidence has shown that at similar islet equivalent (IE) doses,
larger islets may exhibit poorer therapeutic values. This may be
related to oxygen diffusion limitations that worsen proportionally
with islet size (11).

However, Hughes et al. have recently shown no clear
correlation between islet isolation index and graft function in
recipients receiving islets that had been cultured before
implantation and that large islets are equally suitable as long as
they have undergone and survived a short period of postculture
isolation (12).

Moreover, in our experience, the bottle purification method was
relatively simple to implement and associated with lower costs than
the COBE 2991 method.

Our study has limitations. The first is the relatively low number
of organs used. Second, because the protocol of the study was
designed for research only, our results cannot be translated for
clinical use.

In conclusion, we have demonstrated that discontinuous
purification using the bottle method is a viable and efficient
alternative in the absence of COBE 2991 that achieves
comparable results both in terms of insulin secretory function
and the performance of the isolation process from discarded organs.

The use of this purification technique with better-quality organs
and shorter ischemia times would make it possible to permanently
replace the islet purification gold standard of the past 20 years.
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Summary Paper 1: 

 

 

Aim of the Study: 

 

The COBE 2991 cell processor, commonly used for pancreatic islet isolation, 

is no longer distributed in Europe, leading to search for alternative purifica-

tion procedures with equivalent efficacy. 

This study aimed to evaluate the efficacy of an alternative method based on 

the discontinuous purification of islets. 

 

 

 

 

 

1.In comparison to the traditional purification procedure, employing a discontinuous
purification method with a "bottle" approach yields comparable results in terms of isolation
yield and islet secretory function.
2.Notably, the islets' size was significantly larger in the discontinuous purification group when
compared to continuous purification. This difference is likely attributed to the reduced shear 
stress experienced during centrifugation in the purification process using the "bottle" method.
3.The application of this purification technique, especially with high-quality organs and shorter
ischemia times, holds the potential to establish a lasting replacement for the conventional gold
standard in islet purification that has been prevalent over the past two decades.

Take Home message
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Paper 2: Exploring preservation modalities in a split human pancreas 

model to investigate the effect on the islet isolation outcomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 2 ~ Personal Contribution
  

 108 

 



 

CHAPTER 2 ~ Personal Contribution
  

 109 

 
Transplantation DIRECT         2024 www.transplantationdirect.com 1

Received 15 February 2024. Revision received 13 March 2024.
Accepted 15 March 2024.
1 Surgery and Abdominal Transplantation Division, Department of Surgery, 
Cliniques Universitaires Saint-Luc, Brussels, Belgium.
2 Pôle de Chirurgie Expérimentale et Transplantation, Cliniques Universitaires 
Saint-Luc, Brussels, Belgium.
3 IREC Imaging Platform (2IP, RRID:SCR_023378), Institute of Experimental and 
Clinical Research, Université catholique de Louvain, Brussels, Belgium.
4 Nephrology Division, Department of Internal Medicine, Cliniques Universitaires 
Saint-Luc, Brussels, Belgium.
5 Department of Anatomical Pathology, Cliniques Universitaires Saint-Luc, 
Brussels, Belgium.
A.B. received a grant from the “Fondation Saint Luc,” the “Fondation Recherche 
Clinique,” and logistic support and scientific collaboration from Organ Recovery 
Systems.
The authors declare no conflicts of interest.

Pancreas and Islet Transplantation

Exploring Preservation Modalities in a Split 
Human Pancreas Model to Investigate the Effect 
on the Islet Isolation Outcomes
Antoine Buemi , MD,1 Nizar I. Mourad, PhD,2 Caroline Bouzin, PhD,3 Arnaud Devresse, MD, PhD,4  
Delphine Hoton, MD,5 Aurelie Daumerie,3 Francis Zech, MD, PhD,2 Tom Darius, MD, PhD,1 
Nada Kanaan, MD,4 Pierre Gianello, MD, PhD,2 and Michel Mourad, MD, PhD1

Background. In islet transplantation, the use of dynamic hypothermic preservation techniques is a current challenge. 
This study compares the efficacy of 3 pancreas preservation methods: static cold storage, hypothermic machine perfusion 
(HMP), and oxygenated HMP. Methods. A standardized human pancreas split model was employed using discarded 
organs from both donation after brain death (n = 15) and donation after circulatory death (DCD) (n = 9) donors. The pancreas 
head was preserved using static cold storage (control group), whereas the tail was preserved using the 3 different meth-
ods (study group). Data on donor characteristics, pancreas histology, isolation outcomes, and functional tests of isolated 
islets were collected. Results. Insulin secretory function evaluated by calculating stimulation indices and total amount of 
secreted insulin during high glucose stimulation (area under the curve) through dynamic perifusion experiments was similar 
across all paired groups from both DCD and donation after brain death donors. In our hands, islet yield (IEQ/g) from the 
pancreas tails used as study groups was higher than that of the pancreas heads as expected although this difference did 
not always reach statistical significance because of great variability probably due to suboptimal quality of organs released for 
research purposes. Moreover, islets from DCD organs had greater purity than controls (P ≤ 0.01) in the HMP study group. 
Furthermore, our investigation revealed no significant differences in pancreas histology, oxidative stress markers, and apop-
tosis indicators. Conclusions. For the first time, a comparative analysis was conducted, using a split model, to assess 
the effects of various preservation methods on islets derived from pancreas donors. Nevertheless, no discernible variances 
were observed in terms of islet functionality, histological attributes, or isolation efficacy. Further investigations are needed to 
validate these findings for clinical application. 

(Transplantation Direct XXX;XXX: e1654; doi: 10.1097/TXD.0000000000001654.) 

Patients with uncomplicated type 1 diabetes are usually 
treated with insulin injections. In a selected group of 

patients, replacement of functioning beta cells by whole pan-
creas transplantation or islet transplantation is the treatment 
of choice.1-3

However, from the 2361 potential donors reported by 
Eurotransplant in 2019, only 157 pancreas transplants and 
20 islet transplants were performed. These results are compa-
rable in subsequent years.4

A key factor is the shortage of good-quality pancreas grafts.5 
Compared with other organs, the pancreas is more vulnerable 
to injury related to brain death and the actual organ retrieval 
operation.6 Also, in contrast to transplantation of other organs, 
beta cell replacement is not an immediate life-saving procedure, 
and therefore, centers tend to take lower risks with regard to 
the quality of the donor organ when accepting the pancreas.

The current challenge is to increase the donor pool by uti-
lization of extended criteria donor for the pancreas without 
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compromising transplant outcomes. New pancreas preserva-
tion techniques could be a promising method to achieve this 
objective.7-17

In this study, we first evaluated the feasibility of active 
oxygenated and nonactive oxygenated hypothermic machine 
perfusion (HMP) in human donor pancreata as a viable and 
potentially superior preservation technique, and we compared 
these 2 preservation techniques to the traditional method of 
static cold storage (SCS) by a human split pancreas model 
from deceased donors (donation after cardiocirculatory death 
[DCD] and donation after brain death [DBD]) discarded from 
Eurotransplant centers for whole pancreas transplantation 
and islet transplantation.

MATERIALS AND METHODS

Organ Procurement
All the organ donors used in this study were procured by 

the transplantation team of the Cliniques Universitaires Saint 
Luc, UCL (Brussels, Belgium) and by the transplantation team 
of the University Hospital Gasthuisberg, Leuven (Leuven, 
Belgium) from donors of centers affiliated with both institu-
tions and declined for clinical use. Permission for research was 
given by the of the donor relatives.

This study was approved by our local medical ethical com-
mittees (CEHF, Comité d’éthique hospitalo-facultaire UCL, 
2019/07MAI/201).

In all the procedures, the procurement was per-
formed according to the no-touch technique as previously 
described.18

Initially, all pancreases were flushed and stored by SCS in 
an Institute George Lopez 1 solution to be transported to our 
laboratory.

Then, the pancreas was divided into 2 segments for use in 
paired isolation procedures.

The first segment, the head and neck portion of the pan-
creas, was the control group of each procedure, and it was 
always processed for islet isolation after a SCS preservation 
with the same cold ischemia time of the respective second 
segment.

The second segment—body and tail portion—was pro-
cured with the entire vascular network. This segment of the 
pancreas was prepared to ensure only one inflow (splenic 
artery) and one outflow (splenic vein) through ligatures of the 
splenic hilum and the collateral vessels of the superior and 
inferior border (Figure 1).

Cold ischemia time was calculated as time from the start 
of aortic cold flush in the donor to the initiation of ductal 
enzymatic perfusion in the pancreas, therefore including oxy-
genated or not oxygenated HMP.

In the DCD donors, warm ischemia time was calculated 
as the time from the cardiac arrest and the start of aortic 
flush.

Study Design and Perfusion Protocol
The study design is illustrated in Figure 2. After a cold stor-

age preservation in Institute George Lopez 1 solution, the first 
segment—head and neck—of the pancreas was always man-
aged with the traditional preservation method of SCS. The 
second section—body and tail—of the organ was managed 
either with SCS (SCS group), HMP (HMP group), or HMP O2 
(HMP O2 group).

In the HMP and HMP O2 groups, the splenic artery of the 
body and tail segment of the second (HMP group) and third 
groups (HMP O2 group) was cannulated using SealRingTM 
cannulas (10 × 35 mm; Organ Recovery Systems, Itasca, IL) 
and connected to a LifePort Kidney Transporter (Organ 
Recovery Systems, Diegem, Belgium) in a disposable perfusion 
pack with optional oxygenation tubing (reference LKT200X, 
Organ Recovery Systems, Diegem, Belgium). The perfusion 
circuit and organ reservoir were primed with 1 L University 
of Wisconsin machine perfusion solution (PumpProtect, 
Carnamedica, Poland).

Based on the current literature,19-24 a systolic hypothermic 
pressure of 25 mm Hg was applied, delivered via the splenic 
artery with venous return via the splenic vein.

For the HMP O2 group, oxygenation was performed by 
delivery of 100% O2 through the hollow fiber oxygenators 
with a fixed flow of 100 mL/min achieving perfusate pO2 of at 
least 80–100 kPa (600–750 mm Hg) as described earlier for 
previous organ perfusion protocoles.25,26 Perfusate and pan-
creas were cooled to 2–8 °C.

Perfusate pO2 was continuously measured during perfusion 
by a microfiber oxygen transmitter (OXY-4 micro, Precision 
Sensing GmbH, Regensburg, Germany).

Islet Isolation
All the organs were processed at the CHEX Lab (IREC) 

of the UCLouvain. Both head-neck and body-tail pancreas 
portions were simultaneously isolated using a modified auto-
mated method that has been previously described.27 Briefly, a 
16-G catheter was inserted into the main pancreatic duct of 
both pancreas specimens.

F1

F2

FIGURE 1. Preparation of the pancreas tail before connection to the 
hypothermic machine perfusion.

LWW 08/05/2024 13:00 4 Color Fig(s): F1-7,10-11 Art: TXD-2024-0047



 

CHAPTER 2 ~ Personal Contribution
  

 111 
 

© 2024 The Author(s). Published by Wolters Kluwer Health, Inc.  3Buemi et al

A blend of collagenase NB1 and neutral protease (SERVA 
Electrophoresis, Heidelberg, Germany) was used to perfuse 
the organ, aiming for pancreas distension with minimal 
leakage.

Every specimen was then transferred to 2 separate diges-
tion chambers and processed simultaneously (Figure 3). 
Digested pancreatic tissues were collected and purified 
though a discontinuous density gradient purification 
method.28

Islet Yield and Purity
Quantification and purity of islets was performed at the 

end of the isolation procedure using standard dithizone stain-
ing protocols.29 The crude number of islets in each diameter 
class was determined by counting islets using an optical grati-
cule. The crude number of islets was then converted to the 
standard number of islet equivalents (IEQ).

Islet Culture
Based on purity, after isolation the islets were cultured 

using RPMI supplemented with 5 mM glucose, 10% FBS, 100 
U/mL penicillin, 100 µg/mL streptomycin, and 1µg/mL mero-
penem in 75 cm2culture flasks at 37 °C in 5% CO2.

Islet yield (in IEQ) was determined after isolation (day 0), 
after the first medium change 1 d after isolation (day 1), and 
after the third medium change 7 d after isolation (day 7).

Dynamic Glucose-stimulated Insulin Secretion Test
A portion of the isolated islets from both the head-neck 

and body-tail segments were tested by dynamic islet perifu-
sion experiments at days 1 and 7 of culture as previously 
described30 to assess the in vitro functionality. The work-
ing medium was a bicarbonate-buffered solution containing 
120 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 
24 mM NaHCO3, 1 mg/mL bovine serum albumin (BSA), 
and varying concentrations of glucose as indicated in the fig-
ures. Batches of 1000–2000 IEQ were placed in perifusion 
chambers, covered with 8 μm cellulose filters and sealed. Test 
solutions kept at 37 °C and gassed continuously to stabilize 
pH around 7.2 were pumped at a flow rate of 1 mL/min. 
Effluent fractions were collected at 2-min intervals and saved 
for insulin assays using radioimmunoassay kits (DiaSource 

ImmunoAssays, Belgium). At the end of the experiments, islets 
were recovered and their insulin content was determined after 
extraction in acid-ethanol (75% ethanol, 180 mM HCl from 
Merck).

Islet Histology
Histological assessment was performed from biopsies 

obtained after the organ procurement and before the islet iso-
lation of each group in the ventral part of both head-neck and 
body-tail pancreas portion.

The samples were fixed in 4% formaldehyde, subse-
quently embedded in paraffin, and cut into sections of 4 
μm. Hematoxylin and eosin stained sections were digitalized 
using a Zeiss Axioscan.z1 slide scanner to evaluate changes in 
morphology.

All samples were examined by the same pathologist who 
gave blinded scores through the following variables: fibro-
sis, edema/dislocation, steatonecrosis, islet and exocrine 
autolysis.

The extent of parenchymal changing before and after pres-
ervation were scored from 0 to 3, based on the estimated per-
centage of the area involved: absent (0), minimal or mild (1), 
moderate (2), and severe (3).31

For the comparison, all the histologic variables of each 
organ were expressed as the difference of histological changes 
of pancreas tails and heads of the three groups before and 
after preservation.

F3

AQ4

FIGURE 2. Study design of a split pancreas model to evaluate the impact of various preservation strategies on islet isolation outcome. HMP, 
hypothermic machine perfusion; HMP O2, oxygenated hypothermic machine perfusion; SCS, static cold storage.

FIGURE 3. Automated procedure for paired isolations of human 
pancreatic islets.
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Histological Markers of Islet Oxidative Stress and 
Apoptosis

In this study, we have performed multiplex immunofluo-
rescent staining for assessing islet cell composition, beta cell 
apoptosis, and oxidative stress using serial sections of paraffin 
embedded, undissociated whole pancreas samples obtained 
after the organ procurement and before the islet isolation. 
Pancreas sections were stained for specific markers: insulin, 
glucagon, caspase 3, TUNEL, peroxiredoxine 3, and heme-
oxygenase 1.

Pancreas samples were fixed in 4% formaldehyde, embed-
ded in paraffin and sectioned. After deparaffinization, 5-µm 
tissue sections were processed according to the protocol 
described in Aboubakar Nana et al.32

Endogenous peroxidases were inhibited by a 20-min treat-
ment with 3% hydrogen peroxide in methanol. Sections were 
then subjected to antigen retrieval in 10 mM citrate buffer 
pH 5.7 and to blocking of specific antigen binding sites (Tris-
buffered saline [TBS] supplemented with 5% BSA and 0.1% 
Tween20). The first primary antibody was incubated over-
night at 4 °C in TBS containing 1% BSA and 0.1% Tween20, 
then detected by corresponding horseradish peroxidase- 
conjugated polymer secondary antibodies incubated for 
40 min at room temperature. Horseradish peroxidase was then 
visualized by tyramide signal amplification using AlexaFluor-
conjugated tyramide. After a new antigen retrieval in citrate 
buffer (this step also detached antibodies from tissue sec-
tions), the same protocol was applied with other primary 
antibodies and different AlexaFluor-conjugated tyramides. 
In this study, 2 panels of 4 sequential incubations were per-
formed as indicated in Table S1 (SDC, http://links.lww.com/
TXD/A663).

After a washing step in phosphate-buffered saline, nuclei 
were stained with Hoechst 33342 (Thermo Fisher Scientific) 
diluted in TBS containing 10% BSA and 0.1% Tween 20, 
washed in TBS containing 0.1% Tween 20, and mounted 
with Dako fluorescence mounting medium (Agilent). Slides 
were stored at 4 °C until multispectral whole slide imag-
ing at 20× magnification with an Axioscan.z1 slide scanner 
(Zeiss).

Computer-assisted quantification of the different markers 
within the islets was performed using Author version 2017.2 
(Visiopharm). Results were expressed as % of stained area 
(above threshold) of each marker. For comparison, data were 
expressed as delta of changes in histological expression of 
insulin, glucagon, oxidative stress, and apoptosis markers of 
pancreas tails and heads samples of the 3 groups before and 
after preservation.

Statistics
For the paired analysis, P values (based on t test of least 

squares means) were reported along with a mean ± SD graph 
where appropriate. Differences between both groups were 
analyzed using Student t test. In case of variables without 
repeated measurement (eg, IEQ/g between head and tail for 
each preservation method) the MMRM model was reduced 
to an ANOVA model with factor treatment.

P values of <0.05 were considered to indicate statistical 
significance. GraphPad Prism (La Jolla, CA) was used in 
all analyses regarding donor characteristics, islet isolation 
function, histology, and oxidative and apoptosis markers 
expression.

RESULTS

Demographics and Ischemia Times
Between 2019 and 2022, 36 procedures were performed 

for this study from cadaveric donors declined for clinical pan-
creas or islet transplantation.

Of these organs, the 7 first organs were used to refine the 
procedure feasibility and finalize the isolation techniques and 
islet function procedures.

Consequently, they were not included in the analysis.
Among the next 29 organs, 24 were eligible to be included 

in the study and were distributed arbitrarily to one of the 3 
above-described groups (SCS n = 8, HMP n = 8, HMP O2 
n = 8). The exclusion of the remaining organs was related to 
technical reasons (n = 1), contaminants (n = 2) and insuffi-
cient quantity or function of the isolated islet (n = 2).

Tables 1 and 2 summarize donor demographics of the 
24 organs included from DBD (n = 15) and DCD donors 
(=n = 9), respectively. There were no significant differences in 
both groups regarding donor age, sex, morphometrics, cause 
of death, donor history, donor management, and laboratory 
results.

Cold and warm ischemia times were also similar in 
both groups. The mean perfusion time in the HMP and 
HMP O2 groups was not significantly different in both 
DBD (989 ± 253 versus 1051 ± 468 mean min, P = 0.80) 
and DCD donors (805 ± 86 versus 703 ± 17 mean min, 
P = 0.11).

Machine perfusion parameters are available in Figures S1 
and S2 (SDC, http://links.lww.com/TXD/A663).

In Vitro Functionality
After 1 and 7 d of culture, a dynamic GSIS was performed. 

Both islet groups were responsive to glucose stimulation 
with a similar insulin secretory profile observed in islets 
obtained from head and tail pancreas portions of DBD donors 
(Figure 4A and B) and DCD donors (Figure 5A and B) of each 
group: a sharp and rapid short-lived increase of insulin secre-
tion (first phase) followed by a lower but constant secretion 
rate (second phase).

No significant differences from both DBD and DCD donor 
procedures were found both in term of stimulation index and 
area under the insulin curve.

The peak stimulation index in pancreas head and tail iso-
lated islets from DBD donors of the SCS, HMP, and HMP O2 
groups at day 1 of culture were 6.8 ± 2.1 versus 4.7 ± 3.2, 
P = 0.28; 5.5 ± 5.6 versus 5.9 ± 4.6, P = 0.79; and 3.3 ± 2.5 
vs 4.5 ± 2.8, P = 0.41, respectively (Figure 4C). Also the area 
under the insulin curve calculated >20 min of high glucose 
stimulation (G15) and at baseline (G1) were similar at day 1 
for the SCS group (1.4 ± 1.2 versus 1.2 ± 0.6 mean area under 
curve [AUC], P = 0.0.82 and 0.17 ± 0.22 versus 0.12 ± 0.06 
mean AUC, P = 0.89, respectively), the HMP group (0.6 ± 0.2 
versus 0.7 ± 0.2 mean AUC, P = 0.56 and 0.1 ± 0.04 versus 
0.09 ± 0.05 mean AUC, P = 0.06, respectively), and the HMP 
O2 group (1.2 ± 0.6 versus 0.8 ± 0.07 mean AUC, P = 0.51 
and 0.35 ± 0.38 versus 0.17 ± 0.12 mean AUC, P = 0.34, 
respectively) (Figure 4). After 7 d of culture, no statistically 
significant differences were found in both groups (Figure 4D, 
F, H). Similar results were obtained from pancreas head and 
tail sourced from DCD donors (Figure 5C–H).

Detailed results are contained in Table S2 (SDC, http://
links.lww.com/TXD/A663).

T1

T2

F4

F5
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Macroscopic Morphology and Pancreas Histology
No macroscopic signs of edema or fibrosis were found in the 

human pancreas used in this study at the time of organ procure-
ment and after preservation from both DBD and DCD organs.

Figure 6 shows an example of a pancreas tail obtained 
before and after the preservation period.

An example of the semiquantitative histologic analysis used 
based on a score from 0 to 3 is shown in Figure 7.

We found similar results in terms of steatonecrosis, islet and 
exocrine autolysis, fibrosis, and edema between the pancreas 
tails of the SCS, HMP, and HMP O2 and their own control 
groups (the head portion) preserved using the SCS method in 
both DBD and DCD donors (Figures 8 and 9).

Insulin, Glucagon, Oxidative Stress, and Apoptosis 
Marker Expression

Two Multiplex staining of 4 markers each (insulin-glucagon- 
hemeoxygenase 1-peroxiredoxine 3 and insulin- 
glucagon-caspase 3-TUNEL) were performed on pancreas 
FFPE sections to identify the oxidative stress (Figure 10) and 
apoptosis (Figure 11) in both endocrine and exocrine com-
ponent of each sample. Each staining was quantified using 
computer-assisted image analysis.

No statistical differences of insulin, glucagon, oxidative 
stress, and apoptosis marker expression were found in islets 

of pancreas tails preserved with SCS, HMP, and HMP O2 as 
compared with the respective control in both DBD (Figure 12) 
and DCD donor samples (Figure 13).

Islet Isolation Efficacy
Table 3 illustrates the variations in the isolation data of 

the pancreas head and tail among the 3 groups (SCS, HMP, 
HMP O2) using organs sourced from both DBD and DCD 
donors.

Islets obtained from DCD pancreases preserved through 
the HMP method demonstrated the highest purity compared 
with the control (90% ± 0% versus 52% ± 10%, P ≤ 0.01). 
No other differences were found between the respective pan-
creas heads and tails of both groups in terms of pancreas 
weight, islet purity, and islet size (Table S3, SDC, http://links.
lww.com/TXD/A663).

DISCUSSION

We described for the first time through a human pancreas 
split model a comparative analysis between 3 preservation 
methods of discarded pancreas designated for islet isolation. 
This study first shows the feasibility to isolate viable and func-
tional islets from DCD and DBD pancreas donors discarded 
by Eurotransplant centers for clinical islet and pancreas 

F6

F7

F8

F9

F10

F11

F12

F13

T3

TABLE 1. 
DBD donor characteristics and ischemia times of SCS, HMP, and HMP O2 groups

 SCS HMP HMP O2 P 

n = 5 n = 5 n = 5

Donor demographics     
  Age, y 55.8 ± 17.2 67.6 ± 8.2 51.4 ± 18.1 0.25
  Sex, n     
   Male 2 5 4  
   Female 3 0 1  
  Weight, kg (mean ± SD) 75.8 ± 18.9 71.4 ± 13.3 75 ± 10.2 0.75
  Height, cm (mean ± SD) 167.8 ± 9.7 176.2 ± 5.4 174 ± 8.2 0.26
  BMI, kg/m2 (mean ± SD) 26.6 ± 5.4 22.8 ± 3.7 24.6 ± 3 0.38
  Cause of death, n     
   CVA 2 4 4  
   Trauma 3 1 1  
   Cardiac arrest 1 1 1  
  Medical history     
   HBP, n 1 1 2  
   Diabetes, n 0 0 0  
   Smoking, n 1 3 1  
   Drug abuse, n 0 1 0  
   Alcohol abuse, n 0 2 0  
   Infections, n 1 1 2  
   Malignancy 0 0 0  
   Vasopressor use, n 2 4 4  
  Laboratory results     
   Lipase, U/L (mean) 32.7 ± 32.1 12.2 ± 3.5 62.7 ± 83.5 0.33
   Amylase, U/L (mean) 10 ± 23.3 49.6 ± 29.2 79 ± 111.7 0.30
   Hemoglobin, g/dL (mean) 9.7 ± 2.4 10.8 ± 2.1 13.3 ± 2.4 0.07
Ischemia time     
  Cold ischemia time, min (±SD) 970 ± 293 1219 ± 301 1111 ± 302 0.44
  Time of machine perfusion, min (±SD) / 989 ± 253 1051 ± 468 0.80

BMI, body mass index; CVA, cerebrovascular accident; DBD, donation after brain death; HBP, high blood pressure; HMP, hypothermic machine perfusion; HMP O2, oxygenated machine perfusion; IEQ, 
islet equivalent; SCS, static cold storage.
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transplantation after preservation with HMP with or without 
active oxygenation.

Drawing inspiration from previous studies conducted in 
animal pancreas split models for the comparative analysis 
of preservation methods,33 we adopted a similar approach 
by extending this comparative methodology to human 
pancreases.

Even if no differences were found in term of secretory func-
tion between head and tail pancreas portions in each groups 
mostly related to the high variability of the results, the split 
model applied in this study provided the opportunity to 
undertake a controlled comparison of islet function from pan-
creatic fragments from the same donor exposed to the same 
ischemia time and parallel islet isolation.33-35

This model required special attention to the technical issues 
for the preparation of the pancreas fragment (the pancreas 
tail) used to test the HMP.

It was imperative to prepare the pancreas tail to minimize 
the risk of leakage through a series of ligatures at the splenic 
hilum and the upper and lower pancreas tail border ensur-
ing only 1 inflow through the splenic artery and 1 outflow 
through the splenic vain.

This expedient was aimed to ensure a sufficient flow once 
the organ fragment was connected to the machine perfusion. 

Moreover, to prevent the organ fragment from barotrauma 
caused by the hypothermic conditions and reduce the risk of 
edema, HMP and HMP O2 preservation was performed at 25 
mm Hg in line with others.19

In addition, by the use of a split model, we had to take in 
account the heterogeneity of the endocrine component of the 
pancreas, particularly in the selection of outcomes.36-39

Our study underscores a significant variability in outcomes 
regarding IEQ/g between head and tail isolation from both 
DCD and DBD organs.

It is well known that the tail region contains >2-fold higher 
islet numbers compared with the head and body regions. 
Despite intersubject variability, the regional differences are 
consistent in everyone as confirmed by several studies.39,40 
The regional difference in islet density reflected the yield of 
isolated human islets (normalized to the regional pancreas 
weight) that is >2-fold higher in the body-tail region com-
pared with the head-neck region41 meaning that if a split 
pancreas model has the advantage to compare 2 fragments 
sourced from the same donor, the architectural arrangement 
of the endocrine component within the pancreas necessitates 
careful consideration. This intricacy raises concerns about the 
reliability of utilizing the islet yield derived from both frag-
ments as a consistent and accurate outcome.

TABLE 2. 
DCD donor characteristics and ischemia times of SCS, HMP, and HMP O2 groups

 SCS HMP HMP O2 P 

n = 3 n = 3 n = 3

Donor demographics     
  Age, y 56.6 ± 12.3 52.3 ± 10.2 51.4 ± 18.1 0.88
  Sex, n     
   Male 2 1 3  
   Female 1 2 0  
  Weight, kg (mean ± SD) 84.3 ± 8.3 79.6 ± 18.4 91.6 ± 7.6 0.52
  Height, cm (mean ± SD) 176 ± 1.5 171 ± 10.1 180 ± 5.1 0.31
  BMI, kg/m2 (mean ± SD) 27.3 ± 3.2 27 ± 5.2 28.3 ± 2.5 0.91
  Cause of death, n     
   CVA 1 2 2  
   Trauma 2 1 1  
   Cardiac arrest 1 2 2  
  Medical history     
   HBP, n 2 0 2  
   Diabetes, n 0 0 1  
   Smoking, n 2 2 0  
   Drug abuse, n 0 0 1  
   Alcohol abuse, n 1 1 1  
   Infections, n 1 1 1  
   Malignancy, n 0 0 2  
   Vasopressor use, n 1 2 1  
  Laboratory results     
   Lipase, U/L (mean) 32.7 ± 33.1 45 ± 21.2 57.3 ± 67.3 0.80
   Amylase, U/L (mean) 10 ± 2.1 49.25 ± 27.3 23.02 ± 42 0.31
   Hemoglobin, g/dL (mean) 11.7 ± 1.15 10.4 ± 3.9 11.7 ± 3.9 0.85
Ischemia time     
  Cold ischemia time, min (±SD) 1269 ± 345 1057 ± 29 842 ± 9 0.10
  Warm ischemia time, min (±SD) 25.3 ± 8.9 23.3 ± 7.6 22 ± 25.4 0.96
  Total ischemia time, min (±SD) 1307 ± 360 1071 ± 50 856 ± 30 0.10
  Time of machine perfusion, min (±SD) / 805 ± 86 703 ± 17 0.11

BMI, body mass index; CVA, cerebrovascular accident; DCD, donation after circulatory death; HBP, high blood pressure; HMP, hypothermic machine perfusion; HMP O2, oxygenated machine perfusion; 
IEQ, islet equivalent; SCS, static cold storage.
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Consequently, it becomes prudent to give precedence to 
alternative outcomes, such as assessing islet function or exam-
ining histological and physiological changes in tissues sub-
jected to various preservation methods.

Our findings indicate that neither HMP nor HMP O2 
enhances the histological attributes of tissues, both pre- and 
postpreservation. Additionally, there was no notable impact 
on the expression of markers associated with oxidative stress 

FIGURE 4. Average glucose-stimulated insulin response at days 1 and 7 of culture in DBD donor islets from SCS (n = 5), HMP (n = 5), and HMP 
O2 (n = 5) tail pancreases compared with their respective control (the head pancreas portion) preserved through an SCS preservation method. 
Paired in vitro functionality results of pancreas tails preserved through an SCS method (green) n = 5, HMP (blue) n = 5, HMP O2 (orange) n = 5 
compared with their own control (head portion) preserved through an SCS method. At days 1 and 7, cultured islets from every isolation were 
perfused with a low concentration of glucose (1 mM Glucose, G1), followed by a high concentration of glucose (15 mM glucose, G15). A and B, 
Both AUC of insulin secretion and stimulation index (G15/G1 ratio) of each paired group were not statistically significant. C–H, Each time point is 
averaged per group, shown as mean ± SD. AUC, area und curve; DBD, donation after brain death; HMP, hypothermic machine perfusion; HMP 
O2, oxygenated machine perfusion; SCS, static cold storage.
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and apoptosis. These outcomes appear to be associated, in 
part, with the inherent characteristics of the studied organs. 
Because these organs were initially rejected for clinical use, 
their distinct features may introduce variations that influence 
the observed results. Additionally, the prolonged ischemia 
times and the utilization of continuous oxygenation in the 
HMP O2 group may contribute to the observed outcomes.

Hyperoxic conditions have been shown to deteriorate cells 
through the production of reactive oxygen species (ROS).42,43 
Under normal physiological conditions, cells have antioxi-
dant defenses to neutralize ROS. However, under hyper-
oxic conditions, there is an overproduction of ROS that can 
overwhelm these defenses, leading to oxidative stress and 
apoptosis.44

FIGURE 5. Average glucose-stimulated insulin response at days 1 and of culture in DCD donor islets from SCS (n = 3), HMP (n = 3), and HMP 
O2 (n = 3) tail pancreases compared with their respective control (the head pancreas portion) preserved through an SCS preservation method. 
Paired in vitro functionality results of pancreas tails preserved through an SCS method (green) n = 3, HMP (blue) n = 3, HMP O2 (orange) n = 
3 compared with their own control (head portion) preserved through an SCS method. At days 1 and 7 cultured islets from every isolation were 
perfused with a low concentration of glucose (1 mM Glucose, G1), followed by a high concentration of glucose (15 mM glucose, G15). A and B, 
Both AUC of insulin secretion and stimulation index (G15/G1 ratio) of each paired group were not statistically significant. C–H, Each time point is 
averaged per group, shown as mean ± SD. AUC, area und curve; DCD, donation after circulatory death, HMP, hypothermic machine perfusion; 
HMP O2, oxygenated machine perfusion; SCS, static cold storage.
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Even if in human and animal kidney transplant models the 
use of the HMP O2 with 100% pO2 has been shown improved 
transplant outcomes,25,45-47 pancreas preservation models with 
other methods, such as the organ preservation and the “two-
layer method,” have shown that high oxygen levels are toxic 
to islets and a variety of other pancreatic cells and tissues 
leading to the reduction of the oxygen use at a nontoxic level 
similarly to what we reported in this study.48-50

Leemkuil et al51 shown a significant increase of ATP con-
centration in the tissue after addition of 100% oxygen to 
the perfusion system in DCD and DBD for reduced times 
and that the effects of oxygenated HMP persist in pancreatic 

islets several days after isolation, during culturing, and after 
xenotransplantation in diabetic mice leading to a close cor-
relation between short preservation times with HMP O2 and 
the beneficial impact of oxygenation.19

Moreover, our study did not find any difference in terms of 
marker expression of apoptosis oxidative stress or histologi-
cal changes in HMP O2 compared with the SCS preservation.

Probably because in nonoxygenated preservation environ-
ments (SCS and HMP) for prolonged periods, also the effects 
of hypoxia, as shown in several studies,43 can increase the gen-
eration of ROS within the islet mitochondria, contributing to 
oxidative stress and apoptosis.

FIGURE 6. Macroscopic aspect of the pancreas directly before and after hypothermic machine perfusion. No visible indication of edema 
formation before and after machine perfusion was seen.

FIGURE 7. Pancreas histology of 4 samples with different degrees of edema. The histologic analysis was based on the estimated percentage 
of the area involved: absent (0), minimal or mild (1), moderate (2), and severe (3).
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FIGURE 8. Paired histological results of human pancreas tail samples of DBD pancreas obtained before and after preservation with SCS (n 
= 5), HMP (n = 5), and HMP O2 (n = 5) compared with their own control (the head pancreas portion) preserved through the SCS method. The 
extent of parenchymal changing before and after preservation were scored from 0 to 3, based on the estimated percentage of the area involved: 
absent (0), minimal or mild (1), moderate (2), and severe (3). Data are expressed as ∆ of histological changes of samples obtained at the end of 
the preservation time and those obtained after the organ procurement. DBD, donation after brain death, HMP, hypothermic machine perfusion; 
HMP O2, oxygenated machine perfusion; SCS, static cold storage.
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Limitations
Our study has limitations. First is the relatively low number 

of organs used in each group from both DCD and DBD donors 
leading to important variabilities of results between procedures.

Second is the low quality of the organs used which is not 
comparable to organs commonly accepted for clinical pur-
pose leading lo lower results both in terms of islet yield and in 
vitro islet functionality.

FIGURE 9. Paired histological results of human pancreas tail samples of DCD pancreas obtained before and after preservation with SCS (n = 
3), HMP (n = 3), and HMP O2 (n = 3) compared with their own control (the head pancreas portion) preserved through the SCS method. The extent 
of parenchymal changing before and after preservation were scored from 0 to 3, based on the estimated percentage of the area involved: absent 
(0), minimal or mild (1), moderate (2), and severe (3). Data are expressed as the ∆ of histological changes of samples obtained at the end of the 
preservation time and those obtained after the organ procurement. DCD, donation after circulatory death; HMP, hypothermic machine perfusion; 
HMP O2, oxygenated machine perfusion; SCS, static cold storage.
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Third are the long ischemia times of organs in the 3 paired 
groups. Although the study was designed to obtain a reliable 
control group in each procedure, the long ischemia time could 
be a confounding factor.

Fourth, we did not perform in vivo function tests in this study.

Finally, a notable limitation of this study is the absence of 
pancreatic head preservation using HMP and HMP O2. This 
decision was influenced by the frequent unavailability of the 
intricate vascular network associated with the head of the 
pancreas in organs designated for islet transplantation. This 

FIGURE 10. A, Illustrations of oxidative stress markers evaluated by multiplex IF in pancreas samples obtained after HMP O2. B, Insulin, glucagon 
(C), PRDX 3 (E), and HMOX 1 (F) staining. HMOX 1, hemeoxygenase 1; HMP O2, oxygenated machine perfusion; IF, immunofluorescence; 
PRDX3, peroxiredoxine 3.

AQ7

AQ8

FIGURE 11. A, Illustrations of apoptosis markers evaluated by multiplex IF in pancreas samples obtained after HMP O2. B, Insulin, glucagon 
(C), caspase 3 (E), and TUNEL (F) staining. HMP O2, oxygenated machine perfusion; IF, immunofluorescence; TUNEL.
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FIGURE 12. Markers of insulin, glucagon, apoptosis and oxidative stress of human pancreas tail samples from DBD donors obtained before 
and after preservation with SCS (n = 5), HMP (n = 5), and HMP O2 (n = 5) compared with their own control (the head pancreas portion) preserved 
through the SCS method. % of stained area of markers of insulin, glucagon, HMOX1, PRX3, caspase 3, and TUNEL from pancreas tail and head 
samples obtained before and after preservation in the SCS, HMP, and HMP O2 group. Data are expressed as the ∆ of the marker expression of 
samples obtained at the end of the preservation time (after) and those obtained after the organ procurement (before). Each value is averaged 
per group, shown as mean ± SD. DBD, donation after brain death; HMOX1, hemeoxygenase 1; HMP, hypothermic machine perfusion; HMP O2, 
oxygenated machine perfusion; PRDX3, peroxiredoxine 3; SCS, static cold storage; TUNEL.
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FIGURE 13. Markers of insulin, glucagon, apoptosis, and oxidative stress of human pancreas tail samples from DCD donors obtained before 
and after preservation with SCS (n = 3), HMP (n = 3), and HMP O2 (n = 3) compared with their own control (the head pancreas portion) preserved 
through the SCS method. % of stained area of markers of insulin, glucagon, HMOX1, PRX3, caspase 3, and TUNEL from pancreas tail and 
head samples obtained before and after preservation in the SCS group, HMP group and HMP O2. Data are expressed as the ∆ of the marker 
expression of samples obtained at the end of the preservation time (after) and those obtained after the organ procurement (before). Each value 
is averaged per group, shown as mean ±SD.DCD, donation after circulatory death, HMOX1, hemeoxygenase 1; HMP, hypothermic machine 
perfusion; HMP O2, oxygenated machine perfusion; PRDX3, peroxiredoxine 3; SCS, static cold storage; TUNEL.
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limitation extends to research organs as well, as the arterio-
venous vessels are more commonly directed toward the liver 
in clinical settings.

CONCLUSIONS

For the first time, a split model was implemented using 
human discarded pancreases intended for clinical purposes, 
revealing consistent outcomes across 3 different organ pres-
ervation methods.

Moreover, islets from DCD organs had greater purity than 
controls (P ≤ 0.01) in the HMP study group compared with 
the SCS and HMPO2 groups.

However, it is noteworthy that neither HMP nor HMP O2 
demonstrated improvements in the islet secretory function, 
histological changes, or the expression of markers associated 
with oxidative stress and apoptosis.

To enhance the applicability of these preservation methods 
for transplantation, further endeavors should focus on test-
ing them under conditions involving shorter ischemia times. 
Additionally, exploring new donor oxygenation protocols 
could potentially confirm and enhance the satisfactory results 
observed, thereby advancing the prospects for successful 
transplantation outcomes.

Finally, normalization of isolation outcomes through islet 
quantitative analysis from pancreas biopsies could prove ben-
eficial in mitigating inherent variability among organs pro-
cured for research purposes.52
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Summary Paper 2 

Aim of the study: 

This study aims to assess the viability of active oxygenated and non-active 

oxygenated hypothermic machine perfusion (HMP) as potential and supe-

rior preservation techniques for human donor pancreata. A comparative 

analysis was then conducted between these two preservation methods and 

the conventional static cold storage (SCS) approach. The evaluation utilized 

a human split pancreas model sourced from deceased donors, encompassing 

cases of donation after cardiocirculatory death (DCD) and donation after 

brain death (DBD). The pancreases were sourced from Eurotransplant cen-

ters, originally intended for whole-pancreas transplantation and islet trans-

plantation but ultimately discarded. 
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1.For the first time to the best of our knowledge, a split model was performed in human 
discarded pancreas for clinical purpose demonstrating reliable results between three organ
preservation methods. 
2.The implementation of a split model using human discarded pancreases intended for clinical 
purposes has yielded consistent outcomes across three different organ preservation methods. 
Specifically, islets from donation after circulatory death (DCD) organs exhibited greater purity
compared to controls in the hypothermic machine perfusion (HMP) study group, as opposed
to static cold storage (SCS) and HMP with oxygenation (HMPO2) groups.
3.However, despite these promising findings, neither HMP nor HMP O2 demonstrated
improvements in islet secretory function, histological changes, or the expression of markers 
associated with oxidative stress and apoptosis. To make these preservation methods more 
applicable for transplantation, further efforts should be directed towards testing them under 
conditions involving shorter ischemia times. Additionally, exploring new donor oxygenation
protocols could potentially confirm and enhance the satisfactory results observed, thereby
advancing the prospects for successful transplantation outcomes.
4.Furthermore, the normalization of isolation outcomes through islet quantitative analysis
from pancreas biopsies could prove beneficial in mitigating inherent variability among organs
procured for research purposes. This suggests a need for standardization and refinement of 
techniques to improve the reliability and reproducibility of islet isolation procedures. 

Take Home message
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Paper 3: Donor and isolation-related predictive factors of in vitro secretory 

function of cultured human islets. 
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Donor- and isolation-related
predictive factors of in vitro
secretory function of cultured
human islets
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Background and aims: Human islet preparations designated for research exhibit
diverse insulin-secretory profiles. This study aims to assess the impact of donor-
and isolation-related factors on in vitro islet secretory function.

Methods: A retrospective analysis of 46 isolations from 23 pancreata discarded
for clinical transplantation was conducted. In vitro islet secretory function tests
were performed on Day 1 and Day 7 of culture. Linear mixed-effects models
(LMMs) were employed to investigate the relationships between various
predictors characterizing the patient and donor characteristics as well as the
isolation effectiveness and two functional outcomes including the islet
stimulation index (SI) and area under the insulin curve (AUC). Fixed effects were
introduced to represent the main effects of each predictor, and backward
elimination was utilized to select the most significant fixed effects for the final
model. Interaction effects between the timepoint (Day 7 vs. Day 1) and the
predictors were also evaluated to assess whether predictors were associated
with the temporal evolution of SI and AUC. Fold-change (Fc) values associated
with each predictor were obtained by exponentiating the corresponding
coefficients of the models, which were built on log-transformed outcomes.

Results: Analysis using LMMs revealed that donor body mass index (BMI) (Fc =
0.961, 95% CI = 0.927–0.996, p = 0.05), donor gender (female vs. male, Fc =
0.702, 95% CI = 0.524–0.942, p = 0.04), and donor hypertension (Fc = 0.623,
95% CI = 0.466–0.832, p= <0.01) were significantly and independently
associated with SI. Moreover, donor gender (Fc = 0.512, 95% CI = 0.302–
0.864, p = 0.02), donor cause of death (cerebrovascular accident vs. cardiac
arrest, Fc = 2.129, 95% CI = 0.915–4.946, p = 0.09; trauma vs. cardiac arrest, Fc =
2.129, 95% CI = 1.112–7.106, p = 0.04), pancreas weight (Fc = 1.01, 95% CI =
1.001–1.019, p = 0.03), and islet equivalent (IEQ)/mg (Fc = 1.277, 95% CI = 1.088–
1.510, p ≤ 0.01) were significantly and independently associated with AUC. There
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was no predictor significantly associated with the temporal evolution between
Day 1 and Day 7 for both SI and AUC outcomes.

Conclusion: This study identified donor- and isolation-related factors
influencing in vitro islet secretory function. Further investigations are essential
to validate the applicability of these results in clinical practice.

KEYWORDS

islet isolation, islet perifusion, islet function, donor predictive variables,
pancreas histology

Introduction

Successful islet transplantation holds the potential to
significantly enhance the quality of life for individuals with type 1
diabetes (1, 2). Nonetheless, the scarcity of suitable donor pancreata
poses a significant hurdle to the widespread adoption of this
therapeutic approach (3).

Donor characteristics and the effectiveness of the islet isolation
process are highly related to the success of the procedure (4, 5).

The decision to accept or decline an organ for islet isolation
remains challenging, as it relies on various factors predominantly
grounded in donor characteristics, coupled with subsequent
macroscopic evaluations of the organ (6–10). The capability to
reliably reject poor-quality donor pancreata not only improves
overall isolation success but also reduces the costs associated with
failed isolations (11, 12).

Several donor variables, including donor age, body mass index
(BMI), body surface area (BSA), and hemodynamic stability without
the use of vasopressors during donor management, have been
demonstrated to be associated with higher islet yields, leading to the
development of several scoring systems for predicting the suitability of
potential pancreatic donors before organ processing (11, 13). However,
effective isolation, as assessed by islet yields, may not necessarily
translate to good islet graft function after transplantation (14, 15).

Recent investigations have shed light on the significance of non-
quantitative indicators in predicting the ultimate goal of any islet
transplantation procedure: the normalization of blood sugar levels
and relief from diabetic symptoms in transplant recipients (16, 17).
Perifusion systems, employed for over 35 years (18–20), challenge
islets with glucose and measure dynamic insulin release. They
remain the gold standard procedure used by many research
laboratories to test islet function in a more physiologically
relevant way and attempt to predict islet transplantation outcomes.

However, relatively little attention has been given to donor and
preparation characteristics that might influence the insulin-
secreting properties of human islets in vitro (21, 22). This study
aims to retrospectively evaluate, using organs discarded from
clinical pancreas and islet transplantation, how features of the
preparation and donor attributes impact islet secretory function.

Research design and methods

From June 2020 to November 2022, a single team at our
institution processed 58 consecutive islet isolation procedures
from 29 human donor pancreata.

All the organs were divided into two segments, the head–neck
portion and the body–tail portion, for use in paired isolation
outcomes for other research purposes.

A total of six pancreata were excluded from our analysis for the
following reasons: incomplete data (n = 2), technical failure in islet
isolation (n = 1), contaminants (n = 1), and islet isolation from
partial pancreata (n = 2). The remaining 46 islet isolations from 23
donors were analyzed.

Donor predictor variables used in the analysis were age, gender,
body weight, height, BMI, BSA, cold ischemia time (CIT), warm
ischemia time (WIT), length of cardiac arrest, cause of death,
vasopressor requirement, medical history, and blood test values
including peak levels of amylase, lipase, and hemoglobin at the time
of procurement. Cause of death was categorized into
cerebrovascular accident (CVA), trauma, and cardiac arrest.

Regarding medical history, the following information was collected:
alcohol abuse, hypertension (high blood pressure (HBP)), drug abuse,
malignancies, smoking, diabetes mellitus, infections, and cardiac arrest.

Islet isolation variables used in the analysis were the islet yield,
islet purity, islet size, and pancreas weight.

Islet isolation

Following the acquisition of informed consent as outlined by
the guidelines established by our local medical ethical committee

Abbreviations: AUC, area under curve; BMI, body mass index; BSA, body

surface area; CVA, cerebrovascular accident; DBD, donation after brain death;

DCD, donation after circulatory death; HBP, high blood pressure; IEQ, islet

equivalent; LMMs, linear mixed-effects models; IGL1, Institut Georges Lopez-1;

RIA, radioimmunoassay; RPM, revolution per minute; SI, stimulation index.
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(CEHF, Comité d’éthique hospitalo-facultaire UCL, 2019/07MAI/
201), cadaveric pancreata discarded for clinical purposes were
obtained from brain-dead donors (DBD) or circulatory-dead
donors (DCD) during multiorgan procurement and preserved in
Institut Georges Lopez-1 solution.

Upon arrival at our laboratory, each organ was divided into two
portions, which were concurrently isolated using a modified
automated method (23). The preserved pancreas was perfused
through the pancreatic duct with a blend of collagenase NB1 and
neutral protease (SERVA Electrophoresis, Heidelberg, Germany),
aiming for pancreas distension with minimal leakage.

The distended pancreas underwent dissociation in two separate
digestion chambers, a process necessitated by other studies. Islets
were subsequently purified through a discontinuous purification
method following established protocols (24). The quantification
and assessment of islet purity were carried out at the conclusion of
the isolation procedure, following established dithizone staining
protocols (25). The raw count of islets in each diameter class was
determined using an optical graticule. Subsequently, the raw count of
islets was converted to the standard number of islet equivalent (IEQ).

Purified islets were cultured in Roswell Park Memorial Institute
(RPMI) supplemented with 5 mM glucose, 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, and 1 µg/ml
meropenem in 75-cm2 culture flasks at 37°C in 5% CO2.

Dynamic glucose-stimulated insulin
secretion test

A subset of isolated islets underwent dynamic islet perifusion
experiments on Days 1 and 7 of culture, as previously described, to
assess in vitro functionality (26). The working medium comprised a
bicarbonate-buffered solution containing 120 mM NaCl, 4.8 mM
KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 24 mM NaHCO3, 1 mg/ml
BSA, and varying glucose concentrations as indicated in the figures.
Batches of 1,000–2,000 IEQ were placed in perfusion chambers,
covered with 8-mm cellulose filters, and sealed. Test solutions,
maintained at 37°C and continuously gassed to stabilize pH ~ 7.2,
were pumped at a flow rate of 1 ml/min. Effluent fractions were
collected at 2-min intervals and stored for insulin assays using
radioimmunoassay (RIA) kits (DiaSource ImmunoAssays,
Ottignies-Louvain-la-Neuve, Belgium). At the conclusion of the
experiments, islets were recovered, and their insulin content was
determined after extraction in acid-ethanol (75% ethanol, 180 mM
HCl from Merck, Darmstadt, Germany).

Statistical analysis

Continuous variables are presented as mean ± SD. Categorical
variables are shown as the percentage of the sample.

For the paired analysis, p-values (based on the t-test of least
squares means) were reported along with a mean ± SD graph,
where appropriate.

p-Values <0.05 were considered to indicate statistical
significance. GraphPad Prism (La Jolla, CA, USA) was used for

the computation of the descriptive statistics of donor characteristics,
islet isolation, islet function, islet size, and histology.

The islet stimulation index (SI) and the area under the insulin
curve (AUC) outcomes were modeled using two separate multiple
linear mixed-effects models (LMMs), which incorporate all data
generated per patient, including both timepoints (Days 1 and 7) and
both specimens (head and tail). In each model, fixed effects included
various predictors including patients’ characteristics (BMI, age, etc.)
as well as isolation characteristics (IEQ/mg). In addition to fixed
effects, random intercepts and slopes were introduced to model
inter-subject variations. Moreover, interaction effects between the
timepoint (i.e., Day 7 vs. Day 1) and the predictors were also tested
in order to assess whether predictors were associated with the
temporal evolution. Backward elimination was used for selecting
fixed effects in the final model based on their significance. For both
models, a logarithmic transformation was applied to the outcome
(i.e., SI and AUC) in order to meet the assumptions of the statistical
model (i.e., residuals with normal distribution and homogeneity of
variance). Accordingly, coefficients of the corresponding models
were exponentiated to obtain the fold changes associated with the
predictors in the final models. It is worth noting that
multicollinearity issues were mitigated by carefully selecting
variables for the model to avoid including highly correlated pairs,
such as BMI and BSA.

LMM analyses were performed using the R.4.2.1, as well as the
lme4.1.1.33 and lmerTest.3.1.3 packages, while graphical
representations of the significant associations between predictors
and the outcomes were generated using the ggplot2.3.4.2 package.

Results

Donor characteristics, ischemia times, and
isolation data

Tables 1, 2 present the donor characteristics. The average age of
donors was 57.6 years, ranging from 30 to 85 years, with 73.9%
being male. The mean BMI and BSA were 26 kg/m2 (ranging from
19 kg/m2 to 33 kg/m2) and 1.96 m2 (ranging from 1.63 m2 to 2.23
m2), respectively. Cerebrovascular accidents were the most frequent
cause of death. A majority of donors were DBD (60.8%), and 60.8%
of donors received vasopressor therapy during their hospital stay.
Smoking and HBP were common. Mean amylase and lipase peak
levels were 71 and 38.5 U/L, respectively. The mean lowest
hemoglobin level was 11.3 mg/dl. The mean CIT was 940 min,
ranging from 704 to 1,765 min, and for DCD donors, the mean
WIT was 12.3 min, ranging from 0 to 40 min.

The mean values of IEQ and IEQ/g of the pancreas from these
23 donors were 67,753 ± 44,513 IEQ and 698 ± 470 IEQ/g,
respectively. The mean islet purity was 59.8%, ranging from 30%
to 90%. Figure 1 depicts the islet size distribution of the isolation
performed in this study.

The proportions of islet average sizes were 25.5% ± 27.5% (100/
150 mm), 23.8% ± 8.1% (150/200 mm), 21.9% ± 7.7% (200/250 mm),
13.7% ± 7.2% (250/300 mm), 8.6% ± 4.9% (300/350 mm), and 7% ±
6% (above 350 mm).
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Islet secretory function

Dynamic glucose-stimulated insulin secretion tests were
performed after 1 day and 7 days of culture (Figure 2). In both
experiments, islets exhibited a responsive insulin-secretory profile
to glucose stimulation, characterized by a sharp, rapid, short-lived
increase in insulin secretion (first phase) followed by a lower but
constant secretion rate (second phase). The peak stimulation index
and the area under the insulin curve were similar on Day 1 and Day
7 (4.36 ± 2.99 vs. 4.99 ± 4.60, p = 0.58; 1.41 ± 1.26 vs. 1.28 ± 0.98, p =
0.68, respectively) (Figures 3A, B).

Multivariate linear mixed-effect analyses

LMMs followed by predictor selection identified significant
positive and negative associations between various predictors
describing the isolation effectiveness as well as the donor
characteristics and both outcomes of interest (SI and AUC)
characterizing the islet secretory function (Table 3).

Predictors displaying significant associations with SI included
donor BMI (Fc = 0.961, 95% CI = 0.927–0.996, p = 0.05), donor
gender (female vs. male, Fc = 0.702, 95% CI = 0.524–0.942, p =
0.04), and donor hypertension (Fc = 0.623, 95% CI = 0.466–0.832, p
< 0.01) (Figure 4).

It is noteworthy that because BMI is a continuous variable, the Fc is
therefore associated with a one-unit increase in this variable. Variables
related to the AUC included donor gender (male vs. female, Fc = 0.512,
95% CI = 0.302–0.864, p = 0.02), donor cause of death (cerebrovascular
accident vs. cardiac arrest, Fc = 2.129, 95% CI = 0.915–4.946, p = 0.09;
trauma vs. cardiac arrest, Fc = 2.129, 95% CI = 1.112–7.106, p = 0.04),
pancreas weight (Fc = 1.01, 95% CI = 1.001–1.019, p = 0.03), and IEQ/
mg (Fc = 1.277, 95% CI = 1.088–1.510, p < 0.01) (Figure 5).

Furthermore, no significant interaction effects were observed
between the timepoint predictor (Day 7 vs. Day 1) and any of the
other predictors for either SI or AUC, suggesting that no donor- or
isolation-related variables could reliably predict the temporal
evolution of these outcomes between Day 1 and Day 7.

Discussion

The present study has identified donor- and isolation-related
factors that are significantly positively or negatively associated with
the islets’ secretory function after 1 day and 7 days of culture.

We first demonstrated that islet yield expressed as IEQ/g from
islet isolation procedures is positively correlated to the islet
secretory function expressed by the AUC of the insulin secretion.

TABLE 2 Donor characteristics of 23 organs discarded for clinical
purposes: categorical variables.

Variables N (%)

Gender

Male 17 (73.9)

Female 6 (26.1)

Donor organ source

DBD 14 (60.8)

DCD 9 (39.2)

Cause of death

CVA 16 (69.5)

Trauma 6 (26)

Cardiac arrest 1 (4.5)

Medical history

HBP 8 (34.7)

Diabetes mellitus 0 (0)

Smoking 8 (34.7)

Drug abuse 2 (8.7)

Alcohol abuse 4 (17.4)

Infections 5 (21.7)

Malignancies 3 (13)

Cardiac arrest 9 (39.2)

Vasopressor use 14 (60.8)

CVA, cerebrovascular accident; DBD, donation after brain death; DCD, donation after
circulatory death; HBP, high blood pressure.

TABLE 1 Donor characteristics, ischemia times, and isolation data from
23 discarded organs for clinical purposes: continuous variables.

Variables Mean ± SD Range

Demographics

Age, (year) 57.6 ± 14.5 30–85

Height (cm) 175 ± 7.2 160–185

Body weight (kg) 79.8 ± 12.6 57–100

BMI (kg/m2) 26 ± 3.8 19–33

BSA (m2) 1.96 ± 0.17 1.63–2.23

Laboratory results

Lipase (U/L) 38.5 ± 41.9 7–186

Amylase (U/L) 71 ± 54.4 15–158

Hemoglobin (mg/dl) 11.4 ± 3 6–18.6

Ischemia time

Cold ischemia time (min) 940 ± 301 704–1,765

Warm ischemia time (min) 12.3 ± 14.6 0–40

Length of cardiac arrest (min) 23.2 ± 13.4 0–40

Isolation data

Islet yield (IEQ) 67,753 ± 44,513 9,000–141,960

Islet purity (%) 59.8 ± 14 30–90

IEQ/g (IEQ/g) 698.5 ± 470 67–1,549

Pancreas weight (g) 107.8 ± 22.6 84–164

BMI, body mass index; BSA, body surface area; IEQ, islet equivalent; SD, standard deviation.
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Although this observation appears intuitive, it can have
encouraging implications in the clinical setting.

Islet yield is the most common indicator in predicting both islet
isolation and transplantation outcomes in diabetic patients (3–13).

Clinical studies have generated inconsistent findings concerning
the correlation between transplanted IEQ and the likelihood of
achieving insulin independence (14, 15). The inaccuracies
associated with manual quantification of islet mass, characterized
by subjectivity and the potential for error, likely contribute to these
inconsistencies. Substantial efforts have been dedicated to
overcoming the limitations of standard manual islet mass
evaluation through the exploration of computer-assisted and
digital-assisted approaches (27–30). Nevertheless, as of now, no
precise method has been established.

In contrast, in vitro islet function tests are an objective method
much less prone to subjective variability, possibly becoming a
potentially more accurate indicator than islet quantification.

Nevertheless, since no specific pre-transplant test for evaluating
islet quality has demonstrated predictive efficacy for the success of
islet transplantation (31), our findings need validation in
transplanted islets. This validation process may pave the way for
the widespread acceptance of this predictive indicator.

Our study also allowed us to determine several donor
characteristics affecting in vitro islet secretory function, including
the donor BMI, gender, HBP cause of death, and pancreas weight.

Numerous studies have highlighted a positive correlation
between donor BMI and successful islet yield outcomes (13, 32,
33). Conversely, donors with a low BMI (<21 kg/m2) often yield less
satisfactory results in terms of islet production (34). However, as
previously discussed, the critical focus lies in evaluating the
functionality of islets obtained from obese donors. In a specific
study, islets isolated from donors with a BMI exceeding 30 kg/m2

displayed nearly identical viability (33). This was determined
through in vitro assessments, including insulin response to
glucose in static incubation assays, as well as in vivo evaluations,
such as the time required to reverse chemical diabetes in a nude
mouse bioassay.

Remarkably, our research indicates that although there is no
statistically significant correlation between BMI and the AUC of
insulin secretion, SI increases with the gradual reduction of BMI.
These findings, prompting further exploration, may be influenced
by confounding factors. On the one hand, the origin of donor
organs—rejected for clinical use—often entails higher overall risk
factors than commonly utilized organs. On the other hand, longer
ischemia times, exceeding those typically accepted by the scientific
community, could also contribute to these outcomes.

Furthermore, our study provides valuable insights by
establishing a positive correlation between organ weight and the
functional activity of isolated islets. Numerous studies have
consistently shown a positive association between pancreas weight
and both pre-purification and post-purification islet yields (13, 35).
However, it is crucial to note that this parameter remains
indeterminable prior to organ procurement, prompting a focus
on identifying metrics reliably correlated with pancreas weight. As a
result, common practice has adopted body weight and body surface
area as crucial metrics for organ selection and predicting outcomes

FIGURE 1

Proportion of islets in different islet size categories of 46
preparations from 23 pancreata discarded for clinical
transplantation. SD, standard deviation.

FIGURE 2

Average glucose-stimulated insulin response from dynamic
perifusion experiments on Day 1 and Day 7 of culture in islets
obtained from 46 preparations from 23 pancreata discarded for
clinical transplantation. AUC was calculated as the sum of insulin
secreted during 20 min (from t = 40 to t = 60 min) of stimulation
with 15 mM glucose (G15) and expressed as % of total islet insulin
content. To calculate a stimulation index (SI), we first calculated the
mean rate of insulin secretion (% of content/2 min) during exposure
to G1 (basal secretion) and exposure to G15 (stimulated secretion).
SI was then calculated as the ratio (or fold-increase) between G15
and G1 (G15/G1). No statistically significant difference was found
between Day 1 and Day 7 (p = 0.86). Each timepoint is shown as
mean ± SD. AUC, area under the curve.
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in islet isolation (35). The crucial impact of organ weight on islet
function underscores the importance of accurately predicting
this parameter.

Recent evidence indicates that recipients of islets from at least
one female donor experienced prolonged graft survival in
comparison to recipients exclusively receiving male donor islets
(36). This observation is believed to be associated with the cell-
intrinsic properties of female islets (37). A study reported that the
higher b-cell content in transplanted islets from female donors led

to significant improvements in recipient outcomes compared to
islets transplanted from male donors (38).

Our data also show that male donor is negatively related to the
in vitro islet secretory function.

Our study additionally reveals that donor hypertension (HBP)
is linked to decreased in vitro functional performance of isolated
islets in terms of AUC. Drawing insights from kidney transplant
research, the authors posit that the adverse impact of HBP on islet
function might stem from vascular damage, resulting in a

A B

FIGURE 3

Stimulation index (G15/G1 ratio) (A) and AUC of insulin secretion stimulated by 15 mM glucose (B) at Day 1 and Day 7 of culture in islets obtained
from 46 preparations from 23 pancreata discarded for clinical transplantation. No statistically significant difference was found in terms of both
stimulation index (p = 0.58) and AUC of insulin secretion (p = 0.68) between Day 1 and Day 7. AUC, area under the curve.

TABLE 3 Positive and negative correlations between the islet secretory function results on Day 1 and Day 7 and the donor and islet isolation variables.

SI AUC

Fold-change* 95% CI p Fold-change* 95% CI p

Timepoint (Day 7 vs. Day 1) – – NS – – NS

Specimen (head vs. tail) – – NS – – NS

Age (years) – – NS – – NS

BMI 0.961 0.927–0.996 0.05 – – NS

Gender (F vs. M) 0.702 0.524–0.942 0.04 0.512 0.302–0.864 0.02

Type donor (DCD vs. DBD) – – NS – – –

HBP (yes vs. no) 0.623 0.466–0.832 <0.01 – – NS

Vasopressors (yes vs. no) – – NS – – NS

Cause of death (ref = CA)

CVA – – NS 2.129 0.915–4.946 0.09

Trauma – – NS 2.811 1.112–7.106 0.04

Pancreas weight (g) – – NS 1.01 1.001–1.019 0.03

IEQ/mg – – NS 1.277 1.088–1.510 <0.01

AUC, area under curve of insulin secretion; BMI, body mass index; CA, cardiac arrest; CVA, cerebrovascular accident; DBD, donation after brain death; DCD, donation after circulatory death;
HBP, high blood pressure IEQ, islet equivalent; SI, stimulation index (G15/G1 ratio).
*Coefficient (exponentiated) refers to the impact of donor- and isolation-related variables on the islet secretory function.
NS, Not Significant.
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compromised organ blood supply (39). Furthermore, a recent study
reported that donors with a history of HBP exhibited increased
pancreatic lipid content and islet lipid content, irrespective of
gender. This association was correlated with poorer islet
performance after isolation (40).

Finally, our findings substantiate a noteworthy negative
correlation between cardiac arrest as a cause of death and islet
function when contrasted with alternative causes like trauma or
cerebrovascular accidents.

This observed correlation could be closely tied to the varying
durations of low or absent blood flow during the phases of donor
resuscitation. The prolonged periods of diminished perfusion or
complete cessation of blood flow during these critical stages exert
a detrimental influence on pancreas perfusion, thereby

contributing to the development of ischemia–reperfusion
injuries (41, 42).

This study has certain limitations, primarily stemming from the
relatively low number of cases and the presence of numerous
potential confounding variables, mainly associated with the
nature of the pancreas discarded for clinical purposes and the
extended ischemia times. Additionally, in vivo function tests were
not conducted in this study.

Conclusions

In conclusion, this study identified donor- and isolation-related
factors that influence in vitro islet secretory function. Further

A

B

C

FIGURE 4

Donor- and isolation-related variables with the stimulation index (G15/G1 ratio) of Day 1 and Day 7 cultured islets. Donor and islet isolation variables
displaying significant associations with SI on Day 1 and Day 7 included donor BMI (Fc = 0.961, 95% CI = 0.927–0.996, p = 0.05) (A), donor gender
(female vs. male, Fc = 0.702, 95% CI = 0.524–0.942, p = 0.04) (B), and donor hypertension (Fc = 0.623, 95% CI = 0.466–0.832, p < 0.01) (C). BMI,
body mass index; HBP, high blood pressure; SI, stimulation index.
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studies are essential to evaluate the reliability of these results in
clinical practice.
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FIGURE 5

Donor- and isolation-related variables with the AUC of insulin secretion of Day 1 and Day 7 cultured islets. Donor and islet isolation variables related
to the AUC of insulin secretion at both Day 1 and Day 7 included donor gender (Fc = 0.512, 95% CI = 0.302–0.864, p = 0.02) (A), pancreas weight
(Fc = 1.01, 95% CI = 1.001–1.019, p = 0.03) (B), IEQ/mg (Fc = 1.277, 95% CI = 1.088–1.510, p < 0.01) (C), and donor cause of death (CVA vs. CA, Fc =
2.129, 95% CI = 0.915–4.946, p = 0.09; trauma vs. CA, Fc = 2.129, 95% CI = 1.112–7.106, p = 0.04) (D). AUC, area under the curve; CA, cardiac
arrest; CVA, cerebrovascular accident; IEQ, islet equivalent.
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Summary Paper 3 

 

Aims of this study: 

Human islet preparations designated for research exhibit diverse insulin-se-

cretory profiles. This study aims to assess the impact of donor- and isolation-

related factors on in vitro islet secretory function using organs discarded 

from clinical pancreas and islet transplantation. 

 

 

 

 

1.The study has identified several donor- and isolation-related factors significantly
associated with islet secretory function after one day and seven days of culture. Islet yield, 
expressed as islet equivalents per gram (IEQ/g), is positively correlated with islet secretory
function, indicating its potential as a predictive indicator in clinical settings. In vitro islet
function tests may offer a more objective and potentially accurate measure of islet quality
compared to manual quantification methods.
2.Factors such as higher BMI, female donors, absence of hypertension, and causes of death
other than cardiac arrest are positively associated with better islet function. Conversely, 
male donors, hypertension, and cardiac arrest as a cause of death are negatively correlated
with islet function.
3.There was no predictor significantly associated to the temporal evolution between Day 1 
and Day 7 for both SI and AUC outcomes.

Take Home message



CHAPTER 3 ~ General discussion  

 140 

 
 
 
 
 
 
 
 
 
 
 
 



CHAPTER 3 ~ General discussion  

 141 

 
 
 
 
 
CHAPTER 3 ~ General discussion 
 

 

 

 

 

 

 

 

 



CHAPTER 3 ~ General discussion  

 142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 ~ General discussion  

 143 

 

 

 

 

 

 

 

Nearly 40 million individuals are diagnosed with type 1 diabetes mellitus, 

characterized by the immune-mediated destruction of pancreatic beta cells. 

While standard treatment involves insulin injections, some patients opt for 

whole pancreas transplantation or islet transplantation to restore beta-cell 

function199. Pancreas transplantation outcomes have notably improved due 

to advancements in surgical techniques and immunosuppressive strate-

gies200. However, pancreas transplantation remains complex, with significant 

perioperative risks and stringent recipient screening, unlike islet transplan-

tation, which is less complex but still faces challenges such as considerable 

islet loss during transplantation201. 

Despite promising results, pancreas and islet transplantation procedures are 

less common compared to kidney and liver transplantation due to a shortage 

of high-quality pancreas grafts202. The pancreas is particularly susceptible to 
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injury during brain death and organ retrieval, leading centers to exercise 

caution in accepting pancreas grafts, especially considering that beta cell re-

placement is not immediately life-saving184. To address the shortage of donor 

organs, many centers now consider organs from extended criteria donors, 

including those from DBD and DCD donors203,204. However, defining ac-

ceptable factors for DCD pancreata remains a challenge due to concerns 

about warm ischemia and ischemia-reperfusion injury205. 

The current challenge is to expand the donor pool without compromising 

transplantation outcomes. One potential solution is to improve pancreas 

preservation techniques. While SCS is the current standard, HMP offers a 

promising alternative by providing continuous circulation of a dedicated 

preservation solution. HMP has demonstrated superiority over SCS in kid-

ney lung and liver transplantation, attributed to its ability to maintain tissue 

ATP levels and remove toxic waste products206-211. However, the impact of 

HMP on enhancing human pancreas quality by reducing reperfusion injury 

remains fairly unexplored. 

Some studies have explored the potential advantages of HMP as a pancreas 

preservation method186-188. While initial findings are promising, the inter-

subject variability among pancreases studied, coupled with the absence of a 

reliable control group, limits the ability to draw definitive conclusions re-

garding the efficacy of HMP compared to traditional preservation methods. 



CHAPTER 3 ~ General discussion  

 145 

The overall aim of this thesis was to assess the feasibility and potential ad-

vantages of active oxygenated and non-active oxygenated hypothermic ma-

chine perfusion compared to static cold storage for preserving donor pan-

creata using discarded pancreases from deceased donors through a human 

split pancreas model considering DBD and DCD donors. 

However, it's crucial to address certain factors to ensure an accurate inter-

pretation of the results acquired: 

-Is a split pancreas a genuinely reliable model for evaluating islet isolation out-

comes? 

-Is it possible to process pancreas fragments of the same organ in parallel without 

affecting the islet function? 

-What specific intrinsic features of the pancreas must be considered in the develop-

ment of a model to evaluate novel preservation techniques? 
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3.1 Pancreas split model: pro and cons. 

The pancreas split model applied in this pilot validation study provided the 

opportunity to undertake a controlled comparison of islet function from pan-

creatic fragments of the same donor bypassing inter-subject variabilities. 

Moreover, the internal control provided by the pancreas split model permit-

ted validation of these findings using a small number of human pancreases. 

Nevertheless, the heterogeneous architecture of the endocrine component of 

the pancreas, which includes variations in islet distribution and cellular com-

position across different regions of the organ, complicates outcome selection 

significantly212-214. While the exocrine pancreas exhibits a consistent lobular 

organization, the endocrine pancreas displays remarkable heterogeneity, ev-

ident in both the total number of islets and their sizes. Previous studies have 

documented a wide variation in the total number of islets, ranging from 3.6 

to 14.8 million, with total islet volumes reported between 0.5 and 1.3 cm³ 215-

218. Detailed analyses of human islets indicate a composition of approxi-

mately 60% β cells and 30% α cells, with the remaining fraction divided 

among δ cells (less than 10%, somatostatin-secreting), γ cells (less than 5%, 

secreting pancreatic polypeptide), and ε cells (secreting ghrelin)219-221. During 

embryonic development, the pancreas arises from dorsal and ventral pan-

creatic protrusions from the primitive gut endoderm. Anatomically, the 

adult pancreas is divided into head, body, and tail regions, with the head 

region located on the right side of the abdomen attached to the duodenum, 
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while the body and tail extend to the left side of the abdomen next to the 

spleen (Figure 18).  

 

Figure 18. Regional differences in islet distribution and cellular composi-
tions in human pancreas. (Wang, X. et al. Regional differences in islet distribution 
in the human pancreas–preferential beta-cell loss in the head region in patients with 
type 2 diabetes. PLoS. One. 8, e67454 (2013).) 

Regional variations in islet histology have been extensively studied in hu-

man, monkeys and rodents, generally showing lower density of beta-cell 

mass in the head and body regions compared to the tail region (in average 

~1:1:2, respectively)222-226. However, a recent sophisticated three-dimensional 

imaging study of the mouse pancreas by Hörnblad et al. reported conflicting 

findings regarding regional differences in beta-cell volume, suggesting an 

order of duodenal > gastric > splenic lobe227.  

N=7	isola7ons	

Manami	Hara	et	al.		
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A comprehensive study by Hara et al. conducted in human pancreas re-

vealed significant intra-individual regional variability in the mass of beta-

cells/islets, showing notable fluctuations within each region and across the 

entire pancreas through stereological quantification. This variability was ob-

served regardless of the donor's age, sex, and BMI (Figure 19)228.  

These parameters have been extensively studied in control subjects, who are 

chosen based on matching criteria such as age, sex, and BMI. Studies have 

generally suggested a positive correlation between beta-cell mass and BMI, 

indicating that beta-cell mass tends to increase with higher BMI levels229. 

However, it's important to note that researchers have observed a significant 

amount of variability in beta-cell mass that cannot be solely explained by 

BMI, as indicated by a correlation coefficient of 0.5. Additionally, Rahier et 

al230. found that there is substantial overlap in beta-cell mass between indi-

viduals with lean and obese body compositions. They concluded that the im-

pact of obesity on beta-cell mass in humans is relatively modest, with a cor-

relation coefficient of 0.3, especially when compared to findings in rodents. 

While a study conducted in Korea demonstrated a positive correlation231, in-

dicating that higher BMI is associated with increased beta-cell mass, a study 

in Japan reported a negative correlation, suggesting the opposite relation-

ship232. These discrepancies underscore the complexity of the relationship 

between BMI and beta-cell mass, which may be influenced by various factors  



CHAPTER 3 ~ General discussion  

 149 

 

Figure 19. Regional Distribution of Endocrine Cells in the Whole Pancreas: 
A Comparative Analysis in Non-Diabetic Male Subjects.  

X-axis: Block number from head, body to tail region (from left to right). All the 
graphs are plotted in the same scale for a better comparison. Each pancreas was di-
vided into consecutive tissue blocks, with preparation alternating between fresh-
frozen and paraffin embedding. The latter set of tissue blocks was used in the pre-
sent study. The last bar in each plot depicts average ± SEM, which value is shown in 
the inset. (Olehnik SK, Fowler JL, Avramovich G, Hara M. Quantitative analysis of 
intra- and inter-individual variability of human beta-cell mass. Sci Rep. 2017 Nov 
27;7(1):16398. doi: 10.1038/s41598-017-16300-w. PMID: 29180621; PMCID: 
PMC5703964.) 

www.nature.com/scientificreports/

2SCIENTIFIC REPORTS | 7: 16398  | DOI:10.1038/s41598-017-16300-w

Heterogeneity of the human beta-cell/islet mass. Next, the inter-individual heterogeneity in 
beta-cell/islet mass was examined in the 10 cases (Fig. 2). Figure 2A includes the results of the whole pancreas 
analysis shown in Fig. 1. The highest ratio of beta-cell mass was observed in Case 1 (0.7%), who was a lean subject 
with BMI 16.4. In contrast, the lowest beta-cell ratio of 0.3% was recorded by Case 4, an overweight subject (BMI 
25.1) and Case 8, an obese subject (BMI 30.0). Case 10 whose BMI was highest (36.0) had the smallest pancreas 
(77 g) similarly to Case 8. In fact, Case 8 exhibited a number of the minimum values, which further included the 

Figure 1. Whole pancreas analysis. Regional distribution of endocrine cells throughout the whole pancreas, 
beta-cells in green, alpha-cells in red and delta-cells in blue. Ten cases of age-matched non-diabetic male 
subjects are shown. X-axis: Block number from head, body to tail region (from left to right). All the graphs are 
plotted in the same scale for a better comparison. Each pancreas was divided into consecutive tissue blocks, with 
preparation alternating between fresh-frozen and paraffin embedding. The latter set of tissue blocks was used in 
the present study. The last bar in each plot depicts average ± SEM, which value is shown in the inset.



CHAPTER 3 ~ General discussion  

 150 

including genetic, environmental, and lifestyle differences among popula-

tions. 

Given the multifaceted nature of pancreas architecture, solely relying on 

quantitative measures of islet yield obtained from fragments of the same or-

gan for evaluating preservation methods would be methodologically inade-

quate. Therefore, we have opted to prioritize islet function, particularly fo-

cusing on insulin secretion through an islet perifusion analysis, as the pri-

mary outcome measure. 

A potential approach to reduce the variability in pancreatic architecture 

among different subjects could involve normalizing isolation outcomes 

through quantitative analysis of islets from pancreas biopsies. 

 

 

Pros of the pancreas split model:
1.Controlled comparison: Facilitates a controlled comparison of islet function using
pancreatic fragments from the same donor, minimizing inter-subject variations and 
ensuring a more precise assessment of preservation methods' effects.
2.Internal control: The inherent internal control of the split model allows for validation
of findings using a limited number of human pancreases, enhancing the robustness of 
study results.
Cons of the pancreas split model:
1.Heterogeneous nature of the pancreas: The intricate and heterogeneous nature of 
the endocrine component of the pancreas presents challenges in selecting
appropriate outcome measures, particularly due to variations in islet distribution and 
cellular composition across different regions.
2.Variability in islet characteristics: Previous studies have documented a wide range of 
variation in the total number of islets and their sizes, as well as differences in cellular
composition among different regions of the pancreas.
3.Conflicting findings: Recent advancements, such as three-dimensional imaging 
studies, have presented conflicting findings regarding regional differences in islet
characteristics, adding complexity to interpretation.

Take Home message
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3.2 The purification step: a European challenge 

In order to obtain reliable results, each step of the isolation process was car-

ried out in parallel in each paired pancreas fragments. 

Improvements such as consistently assigning the same operator for pancreas 

preparation, utilizing a single enzyme blend, and implementing miniaturi-

zation and duplication of the Automated "Ricordi" isolation system signifi-

cantly enhanced the dissection and digestion phases of the pancreas. Rather 

the purification phase proved to be the most challenging aspect of the pro-

cess, especially considering the discontinuation of COBE 2991 distribution in 

Europe. This system has been widely utilized for human islet purification in 

numerous islet processing centers. Now, alternative purification methods 

are being sought, aiming to maintain consistent isolation results in terms of 

both islet yield and function. 

The first study of Chapter 2 aims to compare the efficacy of the COBE 

method vs the “bottle” method (Figure 20) for the purification of human is-

lets from deceased human pancreas donors and reveals that a discontinuous 

purification method, employing a "bottle" technique, demonstrates similar 

performance to the conventional COBE 2991 isolation procedure in terms of 

the isolation process and islet secretory function. While these preliminary 

results suggest the potential efficiency of this procedure as an alternative to 

the established purification process for human pancreases, we acknowledge 

the poor outcomes in terms of islet yields in both groups. Critical parameters 
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for transplantability, such as islet number, purity, sterility, and potency, 

were not achieved in our study due to prolonged ischemia times and the 

nature of donors rejected for clinical purposes. However, despite these chal-

lenges, both groups exhibited satisfactory islet function, as indicated by stim-

ulation index and insulin secretion. This suggests that the discontinuous pu-

rification method, by preserving islet function, could replace continuous pu-

rification, emphasizing the need to adhere to donor selection criteria and 

minimize organ ischemia time for transplantable results. 

Notably, islets purified by the bottle method were significantly larger than 

those purified by COBE, potentially attributed to reduced shear stress dur-

ing centrifugation. The impact of islet size on transplantation outcomes is a 

debated topic, with some evidence suggesting larger islets may have poorer 

therapeutic values. However, our experience and recent research indicate 

that larger islets, if cultured appropriately, can be equally suitable. 

Additionally, the bottle purification method proved to be relatively simple 

to implement and associated with lower costs than the COBE 2991 method. 

In conclusion, our study demonstrates that discontinuous purification using 

the "bottle" method is a viable and efficient alternative in the absence of 

COBE 2991, achieving comparable results in terms of insulin secretory func-

tion and isolation process performance from discarded organs. Implement-

ing this technique with higher quality organs and shorter ischemia times 

could potentially replace the established islet purification gold standard of 
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the past two decades. Furthermore, the results of this study allowed to inte-

grate this purification method into the split-model pancreas, facilitating the 

simultaneous and parallel purification of digested pancreas fragments from 

a single donor. Crucially, this integration does not compromise the out-

comes, ensuring comparability with those attained through the conventional 

continuous purification method using COBE 2991. 

 

 

Figure 20. Bottle purification method.  

(A) The schema of the continuous gradient solution for the bottle purification 
method. (B) A “tip-bent” candy cane–shaped stainless pipe used for making the gra-
dient (left panel). The pipe was useful to load the tissue into the top layer in the Top 
loading method (right panel). (C) Pictures of the bottles after loading and centrifu-
gation. Left: top loading. Right: bottom loading. Islets exist in the upper layer in both 
methods (arrows). (Shimoda M, Itoh T, Iwahashi S, Takita M, Sugimoto K, Kanak 
MA, Chujo D, Naziruddin B, Levy MF, Grayburn PA, Matsumoto S. An effective 
purification method using large bottles for human pancreatic islet isolation. Islets. 
2012 Nov-Dec;4(6):398-404. doi: 10.4161/isl.23008. Epub 2012 Nov 1. PMID: 
23221740; PMCID: PMC3605168.) 
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before purification are shown in Table 1, and the variables after 
purification are shown in Table 2. The islet purity in the bottom 
group was higher than in the other two groups, but it did not 
reach statistical significance. The percentage of the embedded 
islets after purification decreased in all groups, but there was no 
significant difference among the three groups. The average islet 
viability in all groups was > 96%. The stimulation index in the 
top group was higher than in the other two groups, although 
there was no statistically significant difference. After 24 h of cul-
ture, the islet viability was examined. There was no significant 
difference among the three groups. The final tissue volume rate 
was not significantly different among the three groups, although 
the tissue was most reduced in the bottom group. We estimated 

three groups. Each group was purified by continuous density gra-
dient with either the standard COBE method (COBE group) or 
the top loading (top group) or bottom loading (bottom group) 
bottle purification methods as described in the Materials and 
Methods section and in Figure 1. After making continuous den-
sity gradients with the digested tissue, centrifugation and decel-
eration with the brakes, the solution was collected into 10 tubes. 
The density of each tube was measured, and we confirmed that 
the continuous density gradients were maintained after centrifu-
gation in both the top and bottom groups (Fig. 2; the high den-
sity was 1.095, n = 3).

Evaluation before and after purification. Nine human pan-
creata were used in the current study. The islet isolation variables 

Figure 1. Bottle purification method. (A) The schema of the continuous gradient solution for the bottle purification method. (B) A “tip-bent” candy 
cane–shaped stainless pipe used for making the gradient (left panel). The pipe was useful to load the tissue into the top layer in the Top loading 
method (right panel). (C) Pictures of the bottles after loading and centrifugation. Left: top loading. Right: bottom loading. Islets exist in the upper layer 
in both methods (arrows).

Figure 2. Continuous density gradient was maintained in both the top- and bottom-loading methods during the purification. After centrifugation, 
the solution, including the digested tissue, was collected into 10 tubes, and the density of each tube was measured. The density of the low-density 
solution was 1.075, while that of the high density was 1.095. The experiments were performed three times independently.
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1.The discontinuation of the COBE 2991 system in Europe has posed challenges for islet purification. 
Alternative purification methods, such as the "bottle" method, are being explored to maintain consistent
isolation results in terms of both islet yield and function.
2.Preliminary results comparing the COBE method with the "bottle" method for islet purification indicate 
similar performance in terms of the isolation process and islet secretory function. Despite poor outcomes in 
terms of islet yields, both methods exhibited satisfactory islet function.
3.Critical parameters for transplantability were not achieved due to prolonged ischemia times and the nature 
of donors rejected for clinical purposes. However, both purification methods preserved islet function, 
emphasizing the importance of adhering to donor selection criteria and minimizing organ ischemia time for 
transplantable results.
4.Islets purified by the bottle method were significantly larger than those purified by COBE, potentially
attributed to reduced shear stress during centrifugation. Despite debates on the impact of islet size on 
transplantation outcomes, larger islets, if cultured appropriately, can be equally suitable.
5.The bottle purification method is relatively simple to implement and associated with lower costs than the 
COBE 2991 method. It is considered a viable and efficient alternative, achieving comparable results in terms
of insulin secretory function and isolation process performance from discarded organs.
6.Integrating the bottle purification method into the split-model pancreas facilitates simultaneous and 
parallel purification of digested pancreas fragments from a single donor without compromising outcomes. 
This integration ensures comparability with results attained through the conventional continuous purification
method using COBE 2991.

Take Home message
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3.3 HMP and pancreas preservation: more or no more 

The scarcity of pancreases from traditional donors has sparked interest in 

DCD and ECD pancreas transplantation. While reports on DCD pancreas 

transplantation are limited, they have shown promising outcomes. Compar-

isons of DCD pancreas transplants with DBD transplants have demonstrated 

comparable results. However, it's crucial to note that the selection criteria for 

DCD donors are typically stricter. Consequently, DCD donors tend to be 

younger with a lower BMI, and recipients also have lower immunologic risk, 

which may favor DCD transplants. 

The mechanisms underlying tissue injury from pancreatic ischemia and sub-

sequent reperfusion have not been extensively studied compared to other 

organs like the kidney or liver. Nevertheless, the pathophysiological events 

are complex and multifaceted. They involve up-regulation of proinflamma-

tory cytokines and endothelial adhesion molecules, resulting in recruitment 

and activation of leukocytes and platelets, leading to microcirculatory im-

pairment and reduced tissue perfusion. Microcirculatory impairment corre-

lates with acinar cell apoptosis, and the extent of impairment after clinical 

pancreas transplantation relates to the degree of early graft damage. Re-

duced tissue perfusion is compounded by ATP depletion due to absent oxi-

dative phosphorylation, which is crucial for organ damage. Release of oxy-

gen free radicals and proteolytic enzymes from activated neutrophils further 

contributes to tissue damage. 
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Static cold storage remains the standard method for pancreas preservation, 

typically sufficient for DBD pancreas transplants. However, preservation 

techniques play a vital role in limiting ischemic insult. Techniques such as 

hypothermic machine perfusion with or without oxygenation have shown 

potential to mitigate the deleterious effects of increased ischemia, particu-

larly for the kidney and liver. 

The second study described in Chapter 2 compare three preservation meth-

ods of discarded human pancreases intended for islet isolation using the split 

model approach. The methods examined included HMP with or without ac-

tive oxygenation, and SCS. 

While no differences were found in the secretory function between head and 

tail pancreas portions within each group, the split model enabled a compar-

ison of islet function from fragments sourced from the same donor. How-

ever, variability in outcomes between head and tail isolation was noted, em-

phasizing the need for careful consideration of the pancreas's architectural 

arrangement. 

The study found that neither HMP nor HMP O2 enhanced the histological 

attributes of tissues pre- or post-preservation, nor did they impact the ex-

pression of markers associated with oxidative stress and apoptosis. These 

outcomes were attributed, in part, to the distinct characteristics of the stud-

ied organs, including their initial rejection for clinical use and prolonged is-

chemia times. 
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While oxygenated HMP has shown benefits in kidney transplant models, its 

effects on pancreatic islets remain uncertain. The study suggests that high 

oxygen levels may be toxic to islets, leading to oxidative stress and apoptosis. 

Conversely, non-oxygenated preservation methods may also contribute to 

oxidative stress through hypoxia. 

In conclusion, the study highlights the need for further research to enhance 

the applicability of preservation methods for transplantation. This includes 

testing under conditions involving shorter ischemia times, exploring new 

donor oxygenation protocols, and normalizing isolation outcomes through 

quantitative analysis from pancreas biopsies to mitigate inherent variability 

among procured organs. 

Several considerations can be made regarding the ineffectiveness of these 

preservation methods compared to the traditional SCS method in enhancing 

the function of isolated islets and future direction of reserch in this field: 

3.3.1 Avoid barotrauma  

The pancreas, characterized by low-flow vascularization without end arter-

ies like in liver and kidney, is vulnerable to barotrauma during perfusion. 

High perfusion pressure, such as that used in the liver and kidney HMP, can 

cause acinar necrosis, edema formation and endothelial injury, which are 

recognized risk factors for early graft pancreatitis and thrombosis233. On the 

contrary, if the pressure is too low, perfusate solution flow will not be 
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appropriate for an effective perfusion of the microvasculature and an ade-

quate oxygenation and nutrient supply. Various studies have investigated 

the optimal perfusion pressures for different animal models and pancreas 

sizes. Perfusion of canine pancreas segments at a pressure of 30 mmHg re-

sulted in edema, indicating that this pressure was too high for pancreases 

from dogs weighing 14–30 kg234. Lower pressures, such as 10 mmHg, were 

found to be more suitable, as demonstrated in studies perfusing pancreases 

from pigs weighing 25–32 kg235. These transplants exhibited very moderate 

edema with preserved islet function after 24 hours of perfusion. Similar find-

ings were reported in studies using porcine pancreases, where perfusion 

pressures of 10 mmHg resulted in no harmful effects on islet function. How-

ever, pressures of 40 and 70 mmHg led to pancreatic edema, suggesting that 

a pressure of 20 to 25 mmHg is more effective without causing harm during 

hypothermic perfusion236. In other studies involving pigs weighing 60–90 kg, 

perfusion at a pressure of 23 mmHg resulted in moderate edema237. Further-

more, comparisons of low perfusion pressures, such as 5, 10, and 25 mmHg, 

revealed that higher pressures did not necessarily induce more severe 

edema, indicating that optimal perfusion pressure may vary depending on 

the experimental conditions238,239. Overall, these studies highlight the im-

portance of carefully selecting perfusion pressures to achieve effective organ 

perfusion while minimizing the risk of inducing harmful effects. Based on 

the findings of these studies, we established our protocol using a pressure of 

25 mmHg during the preservation period. Despite observing no instances of 
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pancreatic edema, our vision for further experiments is to customize the per-

fusion pressure based on specific organ ( i.e. fibrosis, oedema, pancreatitis) 

and donor characteristics (i.e age, donor, need of vasopressor use), duration 

of perfusion and histologic parameters. This “personalized” approach aims 

to mitigate the effects of barotrauma during the preservation period. 

 

 

3.3.2 Reduce ischemia time, how long is too long?  

The integration of HMP in the clinical practice for kidney and liver grafts has 

significantly improved outcomes in ECD and DCD donor transplanta-

tions206,240-242. This has led to an expansion of the donor pool and allowed for 

longer ischemic times. HMP has been associated with a decreased incidence 

of DGF and improved graft survival compared to SCS in kidney transplan-

tation243. Notably, these benefits appear consistent regardless of the duration 

1.Pancreatic vulnerability: The pancreas lacks end arteries like the liver and kidney, making it
susceptible to barotrauma during perfusion.
2.Effects of high perfusion pressure: High perfusion pressure can lead to acinar necrosis, 
edema, and endothelial injury, increasing the risk of early graft pancreatitis and thrombosis.
3.Impact of low perfusion pressure: Conversely, low perfusion pressure may compromise 
microvascular perfusion, resulting in inadequate oxygenation and nutrient supply.
4.Optimal perfusion pressures: Studies have investigated optimal perfusion pressures across
various animal models and pancreas sizes. Lower pressures, around 10 mmHg, are suitable for 
preserving islet function in pigs, while higher pressures, like 40-70 mmHg, induce edema.
5.Importance of pressure selection: Careful selection of perfusion pressures is crucial to 
achieve effective organ perfusion while minimizing adverse effects.

Take Home message
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of CIT, with positive outcomes even observed in cases with CIT exceeding 

24 hours in kidneys, attributed to the potential reconditioning effect of 

HMP244. HMP is believed to restore graft hemodynamic function, maintain 

metabolic activity, and stabilize ischemic damage accumulated during initial 

static cold storage245. However, there is still some debate regarding the extent 

of cold ischemic injury during HMP compared to SCS. While some reports 

emphasize the importance of minimizing CIT as much as possible, the grow-

ing prevalence of both kidney and liver candidates with multiple comorbid-

ities or advanced age has made pretransplant preparation more complex and 

time-consuming. In certain scenarios, such as combined liver-kidney or 

heart-kidney transplantation, there has been a recent trend towards advocat-

ing for delayed organ procedures246. This approach aims to stabilize the re-

cipient after the first organ implant and protect the graft from hemodynamic 

instability. Despite these promising results little information is available in 

the literature in the context of pancreas transplantation. The pancreas is sig-

nificantly more vulnerable to injury than other abdominal organs. Despite 

minimal CIT, stable perfusion and maintenance of acid-base homeostasis, 

exocrine pancreatic tissue displays acinar damage, inflammation, and 

thrombosis247. Data from several studies show CIT to be an independent var-

iable that decreases islet yield and/or function (as a continuous variable, or 

in arbitrary cutoff values of 7, 8, 12, or 16 h CIT)93,248,249. Few studies have 

analyzed the effect of ischemia time in organs preserved with HMP. Recently 

in a HMP of porcine pancreases model, Branchereau et al.188 showed 



CHAPTER 3 ~ General discussion  

 161 

moderate and severe edema after 12 and 24 h of HMP, respectively. Histo-

logical examination showed similar results up to 12 h of preservation when 

compared to SCS. In a study regarding the effect of 24 h of HMP on isolated 

porcine islets, it was speculated that edema induced by HMP aided the en-

zymatic digestion during isolation. Leemkuil et al.186 compared HMP and 

SCS of human pancreases from DBD and DCD donors (preserved with HMP 

for a period of 6 h). No significant differences in histology (oedema for-

mation, acinar cell integrity loss) between HMP and SCS were found despite 

an extension in the oxygenated HMP-preserved pancreases group of 6 hours 

(on average, CIT was 13 hours in the HMP group and 9 hours in the SCS 

group). Although amylase, lipase and lactate dehydrogenase levels in-

creased in grafts preserved with both HMP and SCS, ATP concentration only 

increased in the HMP group. In our study, we observed significantly longer 

ischemic times, averaging about 19 hours in both groups. We consider this 

prolonged ischemia as a potential confounding factor in our findings. Mov-

ing forward, one of our future research priorities will involve conducting 

procedures with shorter ischemic times. Additionally, we plan to utilize 

HMP throughout the entire preservation period rather than for a limited du-

ration, as practiced in previous studies. Currently, the question of "how long 

is too long" remains unanswered, posing a challenge for the scientific com-

munity in this field. Finding optimal ischemic times cut off for the pancreas 

preservation will be crucial for improving transplant outcomes. 
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3.3.3Adapt the oxygenation time and pressure: 

One key consideration in pancreas preservation through HMP is the ap-

proach and timing of oxygenation. While this aspect of preservation tech-

nique is extensively studied in the context of kidney transplantation250, there 

is comparatively less information available in the literature regarding pan-

creas preservation. From a physiological perspective, the pancreas exhibits 

unique characteristics that provide insights for tailoring oxygenation tech-

niques during the preservation period. 

Several studies have shown that pancreatic islets, despite constituting only 

1% of the total pancreas mass, receive 10% to 15% of arterial blood, indicating 

1.Integration of HMP: HMP has significantly improved outcomes in kidney, liver, and lung
graft transplantations from ECD and DCD donors, expanding the donor pool and allowing for 
longer ischemic times.
2.Benefits in kidney transplantation: HMP has been associated with decreased DGF 
incidence and improved graft survival compared to SCS, even with CIT exceeding 24 hours, 
possibly due to a reconditioning effect.
3.Mechanisms of action: HMP restores graft hemodynamic function, maintains metabolic
activity, and stabilizes ischemic damage accumulated during initial SCS.
4.Challenges in Pancreas Transplantation: Unlike other abdominal organs, the pancreas is
more vulnerable to injury despite minimal CIT, stable perfusion, and maintenance of acid-
base homeostasis. Ischemic time has been shown to decrease islet yield and function, and 
while few studies have analyzed the effect of ischemia time in organs preserved with HMP, 
finding optimal ischemic time cutoffs for pancreas preservation remains crucial for improving
transplant outcomes.
5.Future Research Priorities: Addressing the challenges of prolonged ischemic times and 
optimizing preservation techniques, such as utilizing HMP throughout the entire
preservation period, are key priorities for future research in pancreas transplantation. 
Determining the optimal ischemic time cutoffs will be essential for enhancing transplant
outcomes and advancing the field.

Take Home message
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a relatively high oxygen supply compared to other pancreatic tissues251,252. 

However, the availability of oxygen to a specific tissue does not solely de-

pend on blood volume but also on the tissue's microvascular density253. For 

instance, the pancreas, supplied mainly by arteries, tends to have higher ox-

ygen partial pressure (pO2) compared to the liver, which primarily receives 

blood from the portal vein. However, poorly vascularized tissues can expe-

rience oxygen imbalance, leading to gradients in oxygen concentration, like 

what happens in brain areas exposed to systemic hypotension254. This phe-

nomenon can occur in isolated islets in culture or after transplantation due 

to the loss of vascular supply, resulting in localized oxygen depletion255. 

Due to the dense vascular network in the pancreatic tissue, both excessively 

low and high pO2 levels can have adverse effects on delicate structures like 

pancreatic islets. 

Research has investigated the impact of hypoxia on the pancreas endocrine 

component, revealing that both acute and chronic anemia in fetal sheep lead 

to elevated blood glucose levels and impaired β-cell function256. Intriguingly, 

despite no functional disparities observed in vitro between islets isolated 

from anemic sheep and those from normal sheep, indicating potential revers-

ibility of islet dysfunction, anemic sheep maintained similar arterial oxygen 

levels to control sheep, implying that oxygen diffusion supported the func-

tion of native islets. Conversely, exposure of neonatal rats to intermittent hy-

poxia resulted in irreversible β-cell dysfunction257. Intermittent hypoxia-
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treated rats exhibited persistently elevated blood glucose and decreased C-

peptide levels even weeks after exposure, indicating the importance of oxy-

gen supply via hemoglobin for in vivo islet function258. 

Hypoxic conditions can also be induced in vitro by seeding islets at high 

density259. Studies have demonstrated a decrease in oxygen tension in culture 

media with increasing islet seeding density, leading to reduced islet viability 

and impaired β-cell function260. Inflammatory responses were also observed 

under hypoxic conditions, with upregulated gene expressions and increased 

release of inflammatory markers261. Mechanisms underlying impaired β-cell 

function by hypoxia involve metabolic transition to anaerobic glycolysis, 

changes in gene expressions related to β-cell transcription and insulin secre-

tion pathways, and dysregulation of adaptive unfolded protein response 

genes critical for endoplasmic reticulum homeostasis262-268. Additionally, cal-

cium influx into islet cells induced cell damage, highlighting the potential 

therapeutic target of preventing calcium influx to mitigate hypoxia-induced 

islet dysfunction269. 

In contrast to the extensive research on hypoxia, the effects of hyperoxia 

(>160 mmHg) on islets have been largely overlooked. Understanding how 

islets respond to hyperoxia is crucial as additional oxygen could potentially 

enhance islet survival. Only a few studies have investigated whether hy-

peroxia improves islet function and have aimed to determine the optimal 

oxygen partial pressure (pO2) for islet survival270. Islets function optimally 
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within the pancreas where sufficient oxygen is available to meet their phys-

iological needs. However, after isolation, islets are typically cultured under 

air plus 5% CO2, providing 21% oxygen or 160 mmHg pO2 in culture media, 

a level much higher than that found in the native pancreas. Nevertheless, 

this culture condition still induces "central necrosis" in the core of larger is-

lets. Recent studies have shown that hyperoxic cultures (35% and 50% oxy-

gen) reduce the occurrence and size of islet central necrosis by maintaining 

higher pO2 in the islet core259. However, exposure to hyperoxia levels above 

toxic thresholds can cause significant damage, especially to cells on the islet 

surface, highlighting the importance of considering oxygen toxicity when 

treating islets with hyperoxic conditions271-274. 

Recent attempts to assess the high toxicity threshold of oxygen using isolated 

human islets showed that viability significantly decreased when exposed to 

75% and 95% oxygen, while exposure to 21% and 50% oxygen resulted in the 

highest viability275. These findings suggest that exposure to 21% to 50% oxy-

gen in culture maintains islet cell viability and function optimally, whereas 

exposure to levels above 75% oxygen is toxic. Additionally, moderate ranges 

of hyperoxia (35% to 50% oxygen) have been shown to benefit islet culture, 

maintaining volume, function, and viability, especially in larger islets (>250 

μm in diameter), thus preventing hypoxia in the core of isolated islets276.  
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The findings from these studies, primarily conducted on isolated islets, un-

derscore the importance of exercising caution when applying oxygenation 

during the preservation phase. 

As described in the Chapter 1, numerous investigations focused on oxygen 

delivery and maintaining the quality of donor pancreases during cold 

preservation to enhance the yield and quality of islets, including immersing 

the pancreas in oxygenated solutions. The two-layer method, employing 

PFC, has been commonly used, where the pancreas is placed between oxy-

genated PFC and cold preservation solution, allowing gradual oxygen re-

lease into the tissue171,277. While promising results were initially seen in ca-

nine pancreata, subsequent attempts with human pancreases revealed limi-

tations due to the thick tissue hindering oxygen diffusion278-280. 

Alternative solutions like perfluorohexyloctan have shown improved intra-

pancreatic oxygen levels and enhanced islet viability and function in porcine 

models281,282. However, simply immersing the organ still restricts oxygen 

availability to the core. Unlike passive diffusion, perfusion through blood 

vessels may offer more uniform oxygen distribution. Although liver perfu-

sion has been extensively studied, pancreas perfusion faces challenges due 

to its complex vascular anatomy and involvement of exocrine tissue283-285. Di-

rect injection of gaseous oxygen into vessels (persufflation) has also been ex-

plored, showing promising results in reducing cell death and improving islet  
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Figure 21. Comparative Analysis of Hypoxic and Hyperoxic Damage to 
Isolated Islets 

The comparison between hypoxic and hyperoxic damage to isolated islets reveals 
that islet cells have a specific range of oxygen levels within which they can survive. 
When exposed to oxygen environments outside this range, cells incur damage. Hy-
poxia leads to cell damage by depleting oxygen in the islet core, whereas hyperoxia 
causes damage primarily on the islet surface or mantle. Notably, hyperoxic damage 
tends to affect larger volumes compared to hypoxia. For instance, the volume of hy-
peroxic damage for a 25 μm-thick islet surface is more than three times larger than 
the volume of hypoxic damage for a 150 μm-diameter islet core.(Komatsu H, Kan-
deel F, Mullen Y. Impact of Oxygen on Pancreatic Islet Survival. Pancreas. 2018 
May/Jun;47(5):533-543. doi: 10.1097/MPA.0000000000001050. PMID: 29621044; 
PMCID: PMC5943071.) 

50% of medium O2 concentration, respectively. These attempts
are important to clarify the most appropriate media O2 level for
isolated islets, because the absolute pO2 in the culture media varies
depending on factors such as seeding density and media depth.25–27

Consistent with the above in vitro results, in vivo studies also showed
a beneficial effect of islet exposure to moderate hyperoxic condition.
Better survival of rat islets in a subcutaneously implanted device was
demonstrated by the reversal of diabetes in streptozotocin (STZ)-
treated rats, where 40% O2 was directly supplied via the device.

42

These studies demonstrated that “air with 5% CO2,” the
condition widely used for islet culture, is not sufficient for
maintaining highly viable and functional islets, especially in

large sizes. Optimal hyperoxic condition is beneficial. It is also
important that the absolute pO2 in the culture media is influ-
enced by other factors, such as islet seeding density and
media depth.25–27

OXYGEN TREATMENT OF ISLETS FOR
TRANSPLANTATION

Human islets are isolated primarily for transplantation in
T1D patients. During organ procurement, islets are exposed to
hypoxic conditions starting from cross-clump, followed by pan-
creas cold preservation and islet isolation. In this section, we sum-
marize efforts to alleviate islet hypoxia using O2 treatment in the
following 4 sections: (1) oxygenation of donor pancreas before islet
isolation, (2) oxygenation of islets in the pretransplant culture stage,
(3) solutions for oxygenation applicable in both pretransplantation
and posttransplantation stages, and (4) posttransplant islet treat-
ment by oxygenation.

Oxygenation Treatment of Donor Pancreas
Before Islet Isolation

Many investigations aim to maintain donor pancreas quality
during cold preservation to yield higher quality of islets in larger
numbers. Immersion of a whole pancreas in oxygenated solution
was utilized using several different solutions that can maintain
higher O2 levels for an extended period. The layer method using
perfluorocarbon (PFC) is the most commonly used method. In this
method the pancreas is placed at the interface between oxygenated
PFC and cold preservation solution (University Wisconsin solu-
tion).43,44 Oxygen is gradually released from PFC and penetrates
into the pancreatic tissue. The original studies using canine pancreata
achieved very impressive results. However, subsequent attempts by
many islet transplantation centers to maintain human pancreas in
the layer method failed to reproduce the effects and showed the lim-
itation of this approach. This method depends on passive O2 diffu-
sion through the organ surface. Therefore, the thick human
pancreata limits the beneficial effect of oxygenation.45–47 Subse-
quently, perfluorohexyloctan, a semi-fluorinated liquid fluorocar-
bon, was compared with perfluorodecalin, a conventional PFC.
With porcine pancreas, perfluorohexyloctan maintained higher
intrapancreatic pO2 (10.11 vs 1.64 mmHgwith PFC) and improved
islet viability and function, but it had no effect on islet yield.48,49

Supplementation of intraductal L-glutamine to perfluorohexyloctan
further improved preservation results and improved islet function.50

Although islets isolated from the pancreas and stored in these solu-
tions functioned better than the control islets, the results with por-
cine pancreata also revealed that simply immersing the organ
limits the amount of oxygen available to the core of the organ.

Unlike passive O2 diffusion from the organ surface, perfu-
sion through blood vessels in the organ may be beneficial for uni-
form O2 distribution. In fact, perfusion of a whole liver using a
hypothermic machine has been extensively studied, and favorable
oxygenation results were reported.51–53 In a rat model, the liver
was perfused for 18 hours using oxygenated solution equilibrated
with 100% O2. After transplantation, the liver functioned better
and enzyme release was suppressed as compared with the controls
preserved using the conventional method.51 However, the perfu-
sion of the pancreas is anatomically difficult because it has several
feeding arteries. The involvement of exocrine tissue creates addi-
tional problems; in fact, a pancreas perfusion model has not
been established.

A similar concept, oxygenation using a direct injection of
gaseous O2 into vessels (persufflation), was also attempted. This
method was able to preserve multiple organs, including liver,

FIGURE 2. Comparison between hypoxic damage and
hyperoxic damage to isolated islets. A, Islet cells survive over a
specific range of O2 levels. Cells are damaged when placed in
an O2 environment out of the viable range. B, Hypoxia causes cell
damage by O2 depletion in the islet core. In contrast, hyperoxia
induces cell damage on the islet surface or mantle. Toxicity by
hyperoxia tends to larger volumes compared with hypoxia. For
example, the volume of hypoxic damage for an islet core 150 μm
in diameter is 1.8 ! 106 μm3, whereas the volume of hyperoxic
damage for an islet surface 25 μm in thickness is 6.0 ! 106 μm3,
which is more than 3 times larger than the volume of
hypoxic damage.
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yield, but further research is needed to determine the optimal method for 

whole pancreas oxygenation278. 

While there isn't a definitive consensus on the optimal oxygen administra-

tion method during HMP, an increasing number of researchers are advocat-

ing for its use, particularly under hypothermic conditions208-211. Hypothermia 

reduces metabolism, thereby decreasing the tissue's oxygen requirements. 

For example, at 4°C, metabolism is approximately 10% lower than normal. 

Oxygenated HMP is believed to sustain residual metabolism and prevent 

further declines in cellular energy levels286. 

As metabolism shifts from aerobic to anaerobic, lactate and hydrogen ions 

accumulate in the tissue, leading to acidosis287. This acidosis can trigger ly-

sosomal instability, enzyme activation, disruption of ion binding to trans-

porter proteins, and reduced mitochondrial function. A continuous oxygen 

supply, combined with adenosine as an ATP precursor, may increase ATP 

concentration during storage211. 

Higher ATP levels in pancreas transplants have been linked to improved 

transplantation outcomes287. This underscores the potential importance of 

optimizing oxygenation strategies during HMP to enhance the viability and 

function of preserved pancreas grafts, ultimately improving transplantation 

success rates. 
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In a recent study, Doppenberg et al.187 demonstrated a significant increase in 

ATP levels by administering 100% oxygen during a 6-hour period. Specifi-

cally, they observed a 6.8-fold increase in ATP levels in DCD pancreases and 

a 2.6-fold increase in DBD pancreases after 6 hours of oxygenated HMP. 

However, their study found no difference in isolation performance or func-

tion between DCD pancreases preserved with O2HMP and DBD pancreases 

preserved with SCS. 

Our study, which involved DBD and DCD organs preserved with both HMP 

and O2HMP with full oxygenation for longer periods (13 and 11 hours, re-

spectively), yielded similar results. We found no significant differences in 

isolation performance, islet function and both apoptosis and oxidative stress 

markers compared to organs preserved with SCS. 

Our perspective is that future endeavors should focus on exploring lower 

oxygen administrations and shorter durations to optimize the benefits of this 

procedure, as observed in other organs. 
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3.3.4 Use organ acceptable for clinics: Can a rejected organ be a reliable 

model for clinics? 

Considering the disappointing findings concerning the impact of HMP 

preservation on islet function and the notable variability in results, we ex-

plored other parameters related to the donor or the isolation process itself 

that could potentially contribute to this variability.  

Specifically, we aimed to identify which of these factors could reliably pre-

dict either poor or favorable islet function as the ability to reliably identify 

and reject poor-quality donor pancreases not only enhances overall isolation 

success but also mitigates the costs associated with unsuccessful isolations. 

1.Unique Considerations in Pancreas Preservation: Despite extensive research on oxygenation techniques 
in kidney transplantation, less literature exists on pancreas preservation, which exhibits unique
physiological characteristics influencing oxygenation techniques.
2.Physiological Insights: The pancreas receives a relatively high oxygen supply due to its vascularization, 
but tissue oxygenation also depends on microvascular density. Poorly vascularized tissues can experience
oxygen imbalance, leading to localized oxygen depletion.
3.Effects of Hypoxia and Hyperoxia: Both excessively low and high oxygen levels can harm pancreatic islets. 
Hypoxia induces cell damage in the islet core, while hyperoxia damages the islet surface. Moderate 
hyperoxia (35%-50% oxygen) benefits islet culture, but exposure to oxygen levels above 75% is toxic.
4.Importance of Oxygenation During Preservation: Caution is necessary when applying oxygenation during
the preservation phase. Various methods, including perfusion and direct oxygen injection, have been
explored, but further research is needed to determine the optimal method for whole pancreas 
oxygenation.
5.Optimizing Oxygen Administration: While no definitive consensus exists on optimal oxygen
administration during HMP, increasing evidence supports its use, particularly under hypothermic
conditions. Oxygenated HMP sustains residual metabolism, prevents energy decline, and increases ATP 
levels, potentially improving transplantation outcomes.
6.Research Insights: Studies have demonstrated significant ATP increases with 100% oxygen administration
during HMP, with no difference in performance between DCD pancreases preserved with O2HMP and DBD 
pancreases preserved with SCS.

Take Home message
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Several donor variables, such as age, BMI, BSA, and hemodynamic stability 

without the need for vasopressors during donor management, have been 

linked to higher islet yields. This has led to the development of various scor-

ing systems aimed at predicting the suitability of potential pancreatic donors 

before organ processing. 

However, achieving effective isolation, as indicated by high islet yields, does 

not necessarily guarantee optimal islet graft function post-transplantation. 

Recent studies have highlighted the importance of non-quantitative indica-

tors in predicting the ultimate goal of any islet transplantation procedure: 

normalizing blood sugar levels and alleviating diabetic symptoms in trans-

planted recipients. 

The third study described in Chapter 2 explores donor- and isolation-related 

factors associated with the secretory function of islets after one and seven 

days of culture. It demonstrates a positive correlation between islet yield, 

expressed as IEQ/g, and islet secretory function, as measured by the area 

under the curve of insulin secretion. While the correlation seems intuitive, it 

holds significant implications for clinical practice, where islet yield is a com-

mon predictor of isolation and transplantation outcomes in diabetic patients. 

In contrast to manual quantification methods, which have limitations due to 

subjectivity and potential errors, in vitro islet function tests emerge as objec-

tive indicators, less prone to variability. However, no specific pre-transplant 

test for evaluating islet quality has shown predictive efficacy for 
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transplantation success, highlighting the need for further validation in trans-

planted islets. 

The study also identifies donor characteristics impacting in vitro islet secre-

tory function, including BMI, gender, cause of death, and pancreas weight. 

Notably, while higher donor BMI correlates with successful islet yield out-

comes, there's no statistically significant correlation between BMI and the 

area under curve of insulin secretion. Recent evidence suggests that recipi-

ents of islets from female donors may experience prolonged graft survival 

compared to those receiving exclusively male donor islets. This observation 

is attributed to the intrinsic properties of female islets, particularly their 

higher β-cell content, which leads to improved recipient outcomes. Our own 

data corroborate these findings, indicating a negative association between 

male donor status and in vitro islet secretory function. 

Furthermore, our study reveals a correlation between HBP and decreased in 

vitro functional performance of isolated islets, as measured by area under 

the curve. Building on insights from kidney transplant research, we propose 

that the adverse effects of HBP on islet function may arise from vascular 

damage, compromising organ blood supply. 

Moreover, recent research indicates that donors with a history of HBP exhibit 

increased pancreatic and islet lipid content, regardless of gender. This asso-

ciation is linked to poorer islet performance post-isolation. 
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Finally, there's a negative correlation between islet function and donor cause 

of death, particularly cardiac arrest, possibly due to prolonged periods of 

diminished perfusion during donor resuscitation, leading to ischemia-reper-

fusion injuries. 

In conclusion, the study highlights important donor- and isolation-related 

factors influencing in vitro islet secretory function.  

Hence, the utilization of research organs introduces variability that can ob-

scure results and impede the ability to reach consistent conclusions. To tackle 

this challenge, forthcoming studies should prioritize the utilization of clini-

cally acceptable organs. This approach will bolster the reliability and rele-

vance of findings, thereby advancing our comprehension of preservation 

methods and their implications for transplant outcomes. 

In the future, increased efforts will aim to develop a scoring system based on 

function rather than the quantity of isolated islets. This advancement will 

enable operators to select criteria more accurately, leading to improved out-

comes and decision-making processes. 
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1.Predicting Islet Function in Pancreas Transplantation: Despite disappointing findings regarding the 
impact of HMP preservation on islet function, identifying factors related to donor or isolation process
variability can enhance success rates and reduce costs. Donor variables such as age, BMI, BSA, and 
hemodynamic stability without vasopressors are linked to higher islet yields, prompting the 
development of scoring systems to predict donor pancreas suitability.
2.Quality vs. Quantity: While high islet yields are desirable, they don't guarantee optimal graft
function post-transplantation. Recent studies emphasize the importance of non-quantitative indicators
in predicting successful outcomes, such as normalizing blood sugar levels in recipients.
3.Correlation Between Islet Yield and Function: Positive correlations between islet yield and secretory
function underscore the importance of islet yield as a predictor of isolation and transplantation
outcomes. In vitro function tests offer objective indicators less prone to variability.
4.Donor Characteristics Impacting Islet Function: Donor BMI, gender, cause of death, and pancreas 
weight influence in vitro islet secretory function. Female donor islets may lead to prolonged graft
survival due to their higher β-cell content, while high blood pressure and a history of cardiac arrest
negatively impact islet function.
5.Implications for Transplant Outcomes: Understanding donor and isolation-related factors
influencing in vitro islet secretory function is crucial for improving transplant outcomes. Utilizing
clinically acceptable organs can reduce variability and enhance the reliability of research findings, 
advancing our understanding of preservation methods and their impact on transplantation outcomes.

Take Home message
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Conclusion and future perspectives 

The aim of my thesis was to evaluate the impact of two innovative preserva-

tion techniques (HMP and O2HMP) on the efficiency of islet isolation, utiliz-

ing the pancreas split model. This model facilitated a comparative analysis 

that surpassed the limitations of inter-subject variability. Our findings re-

vealed the following key insights: 

Compared to traditional purification methods, implementing a discontinu-

ous purification approach with a "bottle" method yields comparable results 

in terms of isolation yield and islet secretory function. Notably, islet size was 

significantly larger in the discontinuous purification group, likely due to re-

duced shear stress during centrifugation. This technique, especially when 

applied to high-quality organs and shorter ischemia times, has the potential 

to establish a durable alternative to the conventional gold standard in islet 

purification. 

For the first time, a split model was conducted in human discarded pancre-

ases for clinical purposes, demonstrating consistent outcomes across three 

different organ preservation methods. Islets from DCD organs exhibited 

greater purity in the HMP study group compared to SCS and O2HMP 

groups. However, neither HMP nor O2HMP showed improvements in islet 

secretory function or histological changes. Further studies are needed under 

conditions involving shorter ischemia times, along with exploring new do-

nor oxygenation protocols, to enhance transplantation outcomes. 
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Various donor- and isolation-related factors significantly influence islet se-

cretory function after one day and seven days of culture. Islet yield, ex-

pressed as IEQ/g, correlates positively with islet secretory function, suggest-

ing its potential as a predictive indicator in clinical settings. In vitro islet 

function tests may offer a more objective measure of islet quality compared 

to quantification methods.  

Factors such as higher BMI, female donors, absence of hypertension, and 

non-cardiac arrest causes of death are associated with better islet function, 

while male donors, hypertension, and cardiac arrest as a cause of death are 

negatively correlated. No predictors were significantly associated with the 

temporal evolution between Day 1 and Day 7 for both stimulation index and 

AUC outcomes. 

In conclusion, these findings highlight the importance of innovative preser-

vation techniques and comprehensive donor and isolation assessments in 

enhancing the outcomes of islet transplantation as predicted by the improve-

ment of in vitro secretory function. 
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…Indeed, every arrival marks not an end, but a fresh beginning... 

Perspectives

1.Enhancing Pancreatic Architecture Consistency: A promising strategy to minimize variability in pancreatic
architecture across different subjects involves normalizing isolation outcomes through quantitative analysis
of islets from pancreas biopsies. By employing rigorous quantitative techniques, researchers can obtain
objective measurements of islet quantity, size, and distribution. This standardized approach facilitates
accurate comparisons of pancreatic architecture among subjects, leading to improved understanding and 
more reliable research outcomes.
2.Preventing Pancreas Barotrauma during HMP Preservation: Our vision for future experiments entails
customizing perfusion pressure during hypothermic machine perfusion (HMP) based on specific organ
characteristics (e.g., fibrosis, edema, pancreatitis) and donor parameters (e.g., age, need for vasopressors). 
By adopting a personalized approach, we aim to mitigate the potential effects of barotrauma during the 
preservation period, ensuring optimal organ viability and function.
3.Reducing Ischemia Time: Moving forward, our research priorities include conducting procedures with 
shorter ischemic times and utilizing HMP throughout the entire preservation period rather than for a 
limited duration. Addressing the critical question of optimal ischemic times for pancreas preservation is
paramount for improving transplant outcomes and minimizing ischemia-related complications.
4.Adapting Oxygenation Strategies: We advocate for exploring lower oxygen administrations and shorter
durations to optimize the benefits of oxygenation during preservation, drawing insights from successful
approaches used in other organs. By refining oxygenation protocols, we aim to enhance graft viability and 
function, ultimately improving transplant success rates.
5.Utilizing Clinically Acceptable Organs: The utilization of research organs introduces variability that can 
obscure results and hinder consistent conclusions. To overcome this challenge, future studies should
prioritize the use of clinically acceptable organs. This approach enhances the reliability and relevance of 
research findings, advancing our understanding of preservation methods and their impact on transplant
outcomes.
6.Developing Function-Based Scoring Systems: In the future, efforts will focus on developing scoring 
systems based on functional parameters rather than isolated islet quantity. By prioritizing functional
assessments, operators can make more informed decisions, leading to improved transplantation outcomes
and enhanced patient care.
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Islet transplantation holds promise as a therapy for patients with type 1 diabetes. However, the shortage of 
organs capable of yielding e;ective outcomes for diabetic recipients restricts this procedure to a limited 
number of patients. Hypothermic perfusion machines emerge as an e;ective tool for broadening organ 
selection criteria, thanks to their ability to mitigate ischemia-reperfusion damage during the preservation 
phase. The objective of this thesis is to contribute fresh insights into the dynamic preservation of the pancreas 
for Langerhans islet isolation and to evaluate their impact on islet functionality. To achieve consistent results 
while circumventing inter-individual variability, we have developed a split pancreas model using human organs 
earmarked for research. This model facilitates the isolation of islets from the same organ, preserved using 
three distinct preservation technique  
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La transplantation d'îlots de Langerhans est une thérapie prometteuse pour les patients souMrant de diabète 
de type 1. Cependant, la pénurie d'organes capables de fournir des résultats eMicaces chez les receveurs 
diabétiques rend ce procédé destiné à un petit nombre de patients. Les machines de perfusion 
hypothermique semblent être un moyen eMicace d'élargir les critères de sélection des organes en raison de 
leur capacité à réduire les dommages d'ischémie-reperfusion pendant la période de préservation. Cette 
thèse vise à apporter de nouvelles connaissances dans la préservation dynamique du pancréas destiné à 
l'isolement des îlots de Langerhans et à identifier leur impact sur la fonction des îlots. Afin d'obtenir des 
résultats fiables contournant la variabilité interindividuelle, nous avons créé un modèle de pancréas 
fractionné à partir d'organes humains destinés à la recherche, permettant d'obtenir des îlots du même 
organe préservés selon trois diMérents types de processus de préservation.  


