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There is great interest in the potential of the human endocrine pancreas for regeneration by b-cell replication 

or neogenesis. Our aim was to explore this potential in adult human pancreases and in both islet and exocrine 

tissue transplanted into mice. The design was to examine pancreases obtained from cadaver donors, autopsies, 

and fresh surgical specimens and compare these findings with those obtained from islet and duct tissue grafted 

into the kidney. Islets and exocrine tissue were transplanted into normoglycemic ICR-SCID mice and studied 

4 and 14 weeks later. b-Cell replication, as assessed by double staining for insulin and Ki67, was 0.22 ± 0.03% 

at 4 weeks and 0.13 ± 0.03% at 14 weeks. In contrast, no evidence of b-cell replication could be found in 11 

cadaver donor and 10 autopsy pancreases. However, Ki67 staining of b-cells in frozen sections obtained at 

surgery was comparable to that found in transplanted islets. Evidence for neogenesis in transplanted pancreatic 

exocrine tissue was supported by finding b-cells within the duct epithelium and the presence of cells double 

stained for insulin and cytokeratin 19 (CK19). However, b-cells within the ducts never constituted more than 

1% of the CK19-positive cells. With confocal microscopy, 7 of 12 examined cells expressed both markers, 

consistent with a neogeneic process. Mice with grafts containing islet or exocrine tissue were treated with 

various combinations of exendin-4, gastrin, and epidermal growth factor; none increased b-cell replication or 

stimulated neogenesis. In summary, human b-cells replicate at a low level in islets transplanted into mice and 

in surgical pancreatic frozen sections, but rarely in cadaver donor or autopsy pancreases. The absence of b-cell 

replication in many adult cadaver or autopsy pancreases could, in part, be an artifact of the postmortem state. 

Thus, it appears that adult human b-cells maintain a low level of turnover through replication and neogenesis.
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INTRODUCTION

b-Cell deficiency is fundamental to the pathogenesis of 
both type 1 and type 2 diabetes. In type 1 diabetes b-cells 
are decimated by autoimmunity, and in type 2 diabetes 
b-cell mass is reduced by 40–60% (4), but normoglyce-
mia can be restored in both by b-cell transplantation. This 
important proof of principle has been most clearly shown 
with islet transplantation (24) and for type 2 diabetes with 
pancreas transplantation (15). The major obstacles pre-
venting widespread clinical application are in controlling 
immune destruction and finding an adequate supply of 
b-cells.

Impressive progress has been made in directing 

human embryonic stem cells to mature functional b-cells 

(12). Considerable attention has also been focused on 

determining the capacity of the adult human pancreas 

for b-cell regeneration either by stimulating b-cell 

replication or by forming new b-cells from a precursor 

population through neogenesis. In rodents, b-cell repli-

cation can be active enough for substantial regeneration 

(16), and neogenesis from duct precursor cells has the 

potential to generate new islets (1). In humans, b-cell 

replication in most adult pancreas appears to be negligi-

ble (4,6,8,17), and there is evidence for some neogenesis 

(1,3). A major question is whether meaningful regenera-

tion of b-cells can be stimulated in human pancreas. This 

is a particularly important issue because agents, such as 

glucagon-like peptide-1 (GLP-1) receptor agonists, gas-

trin, epidermal growth factor (EGF), and islet neogenesis-  

associated peptide (INGAP), used as single agents or in 

combination, have been shown to stimulate regenera-

tion in rodents (1). Unfortunately, it is not possible to 

measure b-cell mass in the pancreas of living human 
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subjects; additionally, assessment of b-cell function with 

measurements of insulin secretion does not accurately 

reflect b-cell mass.

A model for determining the potential of human 

b-cell replication and neogenesis is to study human 

islet and duct tissue transplanted under the kidney cap-

sule of immunocompromised mice. Studies using this 

model have provided evidence that there is potential for 

regeneration through b-cell replication and neogenesis 

(13,26,27,29). The findings of Suarez-Pinzon et al. are 

of particular interest because they found that human pan-

creatic duct cells in grafts had a large number of cells 

that were double stained for cytokeratin 19 (CK19) and 

insulin, and this number increased markedly to over 50% 

of the CK19 population after stimulation with gastrin and 

GLP-1 (26). These findings with double-stained cells pro-

vide evidence that neogenesis was active in these grafts 

and could be stimulated. The aim of the current study is 

to use the same model to extend these findings.

MATERIALS AND METHODS

Human Pancreases From Cadaver Donors, 
Autopsies, and Fresh Pancreatic Tissue  
Obtained at Surgery (Table 1)

Human cadaveric pancreases were obtained from 

 brain-dead donors by the New England Organ Bank 

(Waltham, MA, USA) after obtaining informed consent 

from donor relatives. The medical records of 13 donors 

from whom islets were obtained were reviewed for the 

absence of diabetes and other parameters including age, 

height, and weight. Donor information is shown in Table 2. 

Additional cadaver donor pancreases obtained from 11 

subjects without diabetes were used for immunohistologi-

cal examination (ages 15–58, mean 42; five males and six 

females). The cold ischemic time for both groups of cadaver 

pancreases ranged from 4 to 16 h. Additional tissue was 

evaluated from 10 other pancreases [seven nondiabetic 

(ages 67–81, mean 74) and three diabetic (ages 65–80, 

mean 76)] from Sweden (Uppsala University Archives, 

Uppsala, Sweden), which were obtained for autopsy 

within 4 h of death (see Results). Finally, frozen sections 

of fresh pancreas were obtained from patients in Sweden 

undergoing pancreatic surgery. Tissues from 10 patients 

(ages 33–84, mean 61; seven male and three female) were 

examined for Ki67 staining. Of the 10 patients, none had 

diabetes, nine had adenocarcinoma with almost all having 

Whipple surgery, and one had a questionable insulinoma. 

The sections studied were all distant from the tumors. 

Informed consent and appropriate ethical approval were 

obtained for the use of all human tissue samples.

Human Islet Isolation and Mouse Transplantation

Human islets and remaining exocrine tissue were 

isolated in the Human Islet Isolation Laboratory at 

Massachusetts General Hospital (MGH; Boston, MA, 

Table 1. Sources of Pancreatic Tissue Used for Study

Pancreas Tissue Source
Subject 

Numbers Use Tissue Preparation and Immunostaining

Cadaver organ donors 13 Islets and exocrine tissue 
transplantation into mice

Removal of kidney—PFA and paraffin
Staining for insulin, glucagon, 
 cytokeratin, Ki67, and BrdU

Cadaver organ donors 11 Histology of pancreas PFA and paraffin
Staining for insulin, glucagon, Ki67, 
and BrdU

Autopsy nondiabetic—within 
4 h of death

7 Histology of pancreas PFA and paraffin
Staining for insulin and Ki67

Autopsy diabetic 3 Histology of pancreas PFA and paraffin
Staining for insulin and Ki67

Surgical—fresh 10 Histology of pancreas Frozen sections
Staining for insulin, glucagon, and Ki67

PFA, paraformaldehyde; BrdU, 5-bromo-2¢-deoxyuridine.

Table 2. Donor Information for Isolated Islet and Exocrine 
Preparations

Donor Age Male/Female BMI % Islet Purity

H-0623 45 F 37 95
MGH-39 34 M 29 90
MGH-40 70 F 31 80
MGH-40b 46 M 25.1 95
MGH-41 53 F 22.7 90
MGH-42 50 M 28.1 80
MGH-44 55 M 22.9 70
MGH-45 44 F 48.5 95
MGH-49 60 F 24.8 95
MGH-50 33 F 26.4 85
MGH-60 42 M 31.9 90
MGH-63 44 M 40.7 90
MGH-68 34 M 35.4 85

BMI, body mass index.
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USA) using the standard collagenase/protease (Roche, 

Indianapolis, IL, USA) digestion method (20). The exocrine 

tissue immediately after isolation consists almost entirely 

of acinar and duct cells, but when either cultured or trans-

planted, the acinar cells in the preparation disappear. Male 

Institute of Cancer Research/severe combined immunode-

ficient (ICR-SCID) mice (Taconic Farms, Inc., Hudson, 

NY, USA) were anesthetized using ketamine (Putney, 

Inc., Portland, ME, USA)/xylazine (Anased, Shenandoah, 

IA, USA) and placed on a heated plate for surgery. The 

left kidney was exposed through a lumbar incision. Then 

using a Hamilton syringe (Fisher, Pittsburg, PA, USA) and 

the PE50 polyethylene tubing (Becton Dickinson, Sparks, 

MD, USA), 1,000 human islet equivalents (IEQs) or 1 mil-

lion cells of the exocrine fraction obtained from the islet 

isolation procedure were placed under the kidney capsule 

as previously described (5). Both islets and the exocrine 

fraction were transplanted immediately after the isolation. 

Mice were about 12 weeks old when transplanted and 

weighed an average of 33 g. Body weight (BW) and blood 

glucose (BG) were monitored once per week at 9 am. 

BG was measured on blood obtained from the tip of the 

tail using a OneTouch Ultra
®
2 blood glucose meter (Life 

Scan, Inc., Milpitas, CA, USA). For almost all experi-

ments, grafts were removed 4 weeks after transplantation. 

However, a small number of grafts were removed at 14 

weeks to determine if b-cell replication was maintained 

for this longer period of time. All animal experiments 

were approved by the Joslin Institutional Animal Care and  

Use Committee.

Streptozocin-Treated Mice

Diabetes in ICR-SCID mice was induced by a single 

intraperitoneal (IP) injection of streptozocin (180 mg/dl 

STZ, Sigma-Aldrich, St. Louis, MO, USA). Mice with fed 

blood sugar levels of >350 mg/dl at 1 week after injection 

were considered diabetic and suitable for transplant.

Intraperitoneal Glucose Tolerance Test

For IP glucose tolerance test (IPGTT), mice fasted over-

night were injected IP with glucose (Sigma-Aldrich) at  

2 g/kg BW. Blood glucose from the tail was measured as 

above at 0, 15, 30, 60, and 120 min after glucose injection.

Drug Treatment of Mice With Grafts

There were six treatment groups using non-STZ-

treated mice (Table 3):

Gastrin and exendin-4 treatment (islet grafts). Mice 1. 
with grafts of human islets (two donors, four recipi-
ents) were treated with gastrin and exendin-4. Gastrin 
[IP at 150 µg/kg BW; (Leu15)-Gastrin I human, Sigma-
Aldrich] was injected twice a day (8 am and 6 pm) for 
3 weeks starting 1 week after transplantation. Exendin-4 
(1 nmol/kg BW, Eli Lilly and Company, Indianapolis, 
IN, USA) was injected IP once a day (6 pm) for the 
final week before sacrifice.
Gastrin treatment (islet grafts). Mice with grafts of 2. 
human islets (two donors, five recipients) were treated 
with gastrin alone as described above.
Exendin-4 treatment (islet grafts). Mice with grafts 3. 
of human islets (3 donors, 10 recipients) were treated 
only with exendin-4 for the final week of 4 weeks as 
described in 1.
Gastrin and EGF treatment (islet grafts). Mice with 4. 
grafts of human islets (two donors, six recipients) were 
treated with gastrin (IP at 1 mg/kg) plus EGF (IP 30 µg/
kg, recombinant human epidermal growth factor, BD 
Biosciences, San Jose, CA, USA); both were given 
once per day at 6 pm for the last 10 days of the 4-week 
transplant period.
Exendin-4 treatment (exocrine cell grafts). Mice with 5. 
grafts of pancreatic exocrine cells (4 donors, 14 recipi-
ents) were treated with exendin-4 for the final week of 
4 weeks as described in 1.

Table 3. Drug Treatment of Nondiabetic Mice Carrying Transplants of Human Pancreatic Islets or Exocrine Tissue

Group No. Treatment Graft Donors/Recipients Drug Regimen Time of Graft Collection 

1 Gastrin and 
exendin-4

Islets 2 donors, 4 recipients Gastrin bid. final 3 weeks, 
Exendin qd final 1 week

4 weeks after Tx

2 Gastrin Islets 2 donors, 5 recipients Gastrin bid final 3 weeks 4 weeks after Tx
3 Exendin-4 Islets 3 donors, 10 recipients Exendin qd final 1 week 4 weeks after Tx
4 Gastrin and EGF Islets 2 donors, 6 recipients Gastrin and EGF, both qd 

for last 10 days
4 weeks after Tx

5 Exendin-4 Exocrine 4 donors, 14 recipients Exendin qd for final 1 week 4 weeks after Tx
6 Gastrin and EGF Exocrine 2 donors, 6 recipients Gastrin and EGF, both qd 

for last 10 days
4 weeks after Tx

See Materials and Methods for further details. Tx, transplant; EGF, epithelial growth factor; qd, treatment once daily; bid, treatment twice daily.
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Gastrin and EGF treatment (exocrine cell grafts). Mice 6. 
with grafts of pancreatic exocrine cells (two donors, 
six recipients) were treated with gastrin plus EGF as 
described in 4.

BrdU Injection

Freshly made 5-bromo-2¢-deoxyuridine (BrdU) (IP 

100 mg/kg BW; Sigma-Aldrich) was injected into mice 

at 8-h intervals 24 h prior to sacrifice.

Tissue Processing and Immunostaining

Kidneys containing the grafts were excised from anes-

thetized mice and fixed in 4% paraformaldehyde (PFA; 

Sigma-Aldrich) for 2 h and stored in PBS (Sigma-Aldrich) 

at 4°C until paraffin embedding. Sections (5 mm) were 

immunostained for insulin, glucagon, Ki67, BrdU, and 

CK19 and evaluated with the terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay. After 

hydration, sections were blocked with an avidin–biotin 

Figure 1. IP glucose tolerance test (IPGTT) performed in non-streptozocin (STZ) Institute of Cancer Research-severe combined 
immunodeficient (ICR-SCID) mice transplanted with 1,000 islet equivalent (IEQ) human islets and nontransplanted mice (controls). 
Glucose [2 g/kg body weight (BW)] was injected at time 0. (A) IPGTT after 4 weeks transplantation (Tx) of human islets from donor 
MGH-060. Mice were 16 weeks old at the time of IPGTT. (B) IPGTT after 8 weeks Tx of human islets from donor MGH-042. Mice 
were 18 weeks of age. Results are expressed as mean ± SEM. **p < 0.01 and ***p < 0.001.
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blocking kit (Vector Laboratories, Inc., Burlingame, CA, 

USA) per manufacturer’s instructions and normal don-

key serum (Jackson ImmunoResearch Laboratories, Inc., 

West Grove, PA, USA) 1:50 for 1 h at room temperature 

(RT). For Ki67, BrdU, and CK19 immunostaining, sec-

tions were first soaked in 0.3% Triton
®
 X-100 (Sigma-

Aldrich) in PBS for 15 min, followed by two washes, 

and microwaved for antigen retrieval in 0.01 M sodium 

citrate buffer pH 4.0 (Sigma-Aldrich) for 20 min. Before 

immunolabeling, fresh frozen sections were fixed in cold 

PFA for 10 min at -20°C followed by 10 min at 4°C and 

then by 20 min in PBS at RT and blocked with 0.2% glyc-

erol (Sigma-Aldrich) in PBS for 5 min. Then the slides 

were treated with an avidin–biotin blocking kit and nor-

mal donkey serum as described above.

Primary antibodies were guinea pig anti-insulin 

(4011-01; Linco Research, St. Charles, MO, USA; over-

night at 4°C), rabbit anti-glucagon antibody (AB932, 

Millipore, Billerica, MA, USA, 1:3,000, overnight at 4°C), 

mouse anti-human Ki67 (BD Pharmingen, 556003, San 

Jose, CA, USA; 1:50 overnight at 4°C or 1:200 for frozen  

sections; SP6; rabbit monoclonal; Abcam, Cambridge, 

UK; 1:50 and 1:100 for formalin-fixed sections), mouse 

anti-BrdU (M0744, Dako North America, Inc., Carpinteria, 

CA, USA; 1:50 overnight at 4°C), and mouse anti-human 

CK19 (M0888, Dako North America, Inc., 1:50, overnight 

at 4°C). Secondary antibodies used for 1 h at RT were  

biotinylated donkey anti-rabbit IgG (Jackson Immuno-

Research Laboratories, Inc.; 1:400) or biotinylated donkey  

anti-mouse IgG (Jackson ImmunoResearch Laboratories, 

Inc.; 1:200) followed by streptavidin-conjugated Alexa 

Fluor
®
 488 (Invitrogen, Carlsbad, CA, USA; 1:400) or for 

CK19, cyanine 3 (Cy3)-conjugated donkey anti-mouse IgG  

(Jackson ImmunoResearch Laboratories, Inc.; 1:200) for 1 h.

Then to visualize the hormone-expressing cells, the 

sections were incubated for 90 min at RT with guinea pig 

anti-human insulin (AB2440, Millipore; 1:200 in PBS) 

or rabbit anti-glucagon antibody (AB932, Millipore; 

1:200) followed by washes and incubation with Texas 

 Red-conjugated anti-species-specific IgG (Jackson 

ImmunoResearch Laboratories, Inc.; 1:200) or fluorescein 

isothiocyanate (FITC)-conjugated donkey anti-species-

specific IgG (Jackson ImmunoResearch Laboratories, 

Inc.; 1:400) for 90 min at RT.

TUNEL and Insulin Staining

The In Situ Cell Death Detection Kit, Fluorescein 

(Roche Diagnostics, Indianapolis, IN, USA) was used for 

TUNEL, following the manufacturer’s instructions using 

microwave retrieval and then immunostaining for insulin 

as described above.

Image Capturing and Analysis

Images were taken using an Olympus BH2 scope 

 connected with Olympus DP71 camera (Olympus 

America, Inc., Center Valley, PA, USA) using DP control-

ler program. Pictures were opened with Adobe Photoshop 

(San Francisco, CA, USA), and cells were counted manu-

ally. Alternatively, confocal images were obtained using 

LSM-710 confocal microscopy (Carl Zeiss Microscopy, 

LLC, Thornwood, NY, USA) with optical Z-sections 

every 0.45 µm.

Statistics

Data are reported as mean ± standard error (SEM). 

Correlations were made with the Pearson product moment 

correlation coefficient. Statistical significance was assessed 

with the two-tailed Student’s t test.

Figure 2. Human islets engrafted under the mouse kidney capsule immunostained for insulin (red) and glucagon (green). Islets from 

donor MGH-39 (A) and donor MGH-63 (B). Scale bar: 100 mm.
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RESULTS

IPGTTs in ICR-SCID Mice Transplanted 
With Human Islets

IPGTTs were performed in non-STZ-treated ICR-SCID 

mice 4 and 8 weeks after transplantation. In mice engrafted 

with 1,000 IEQ human islets from a single islet isolation 

(MGH-060) for 4 weeks (Fig. 1A), glucose clearance after 

glucose injection was clearly more efficient than in control 

mice, being significant (p < 0.01) at 30 min and after. Mice 

transplanted with another batch of human islets (MGH-

042, 1,000 IEQs) for 8 weeks had similarly improved blood 

glucose clearance after the glucose challenge (Fig. 1B). 

Fasting glucose levels did not differ significantly between 

these two groups (61 ± 5 in transplanted vs.74 ± 7 mg/dl 

in the nontransplanted controls, p = 0.14). Fed blood glu-

cose levels measured simultaneously 24 times (using eight 

transplanted and seven control mice) were lower in the 

transplanted group compared to the control mice (155 ± 3 

and 169 ± 4, respectively, p = 0.008).

Insulin and Glucagon Ratio in Grafts of ICR-SCID 
Mice Transplanted With Human Islets

The ratio of insulin-stained to glucagon-stained cells 

was determined in grafts of non-STZ-treated mice trans-

planted with human islets (1,000 IEQs) under the kidney 

capsule (Fig. 2). Table 4 shows that the b/a-cell ratio 

ranged from 0.47 to 4.30 with a mean of 1.84 ± 0.33 in 

grafts removed 4 weeks after transplantation and from 

1.32 to 2.40 with a mean of 1.73 ± 0.24 in grafts removed 

14 weeks after transplantation. For two donors, grafts 

were assessed at both 4 and 14 weeks and when com-

pared, and the b/a-cell ratios remained essentially the 

same. There was no correlation between the b/a-cell ratio 

and either body mass index (BMI; r
2
 = 0.01, p = 0.75) or 

age (r
2
 = 0.11, p = 0.34) of the donors.

b-Cell Replication in Grafts After 4 and 

14 Weeks Transplantation

b-Cells replicated at a low frequency in grafts 4 and 14 

weeks after transplantation into non-STZ-treated recipients. 

Replication of b-cells was identified by double immuno-

staining for the replication marker Ki67 and insulin (Fig. 3). 

The percentage of insulin-positive cells replicating (Ki67 

positive) in grafts ranged from 0.06% to 0.42% after 4 

weeks of transplantation, while being 0.08–0.22% after 14 

weeks of transplantation, as shown in Table 5. There is no 

correlation between the percentage on Ki67
+
insulin

+
 cells 

Table 4. Insulin and Glucagon Ratio (b- and a-Cell Ratio) From Human Islets Transplanted Under the Kidney 
Capsule of Non-STZ Normoglycemic ICR-SCID Mice

Donor
Insulin/Glucagon

4 Weeks
Number Grafts/

Total Insulin Cells
Insulin/Glucagon

14 Weeks
Number Grafts/

Total Insulin Cells

MGH-39 4.30 ± 0.83 5/8,654 – –

MGH-40 1.14 ± 0.21 7/7,755 – –

MGH-40b 1.95 ± 0.27 6/6,082 – –

MGH-41 1.09 ± 0.20 4/2,143 – –

MGH-42 – – 1.32 ± 0.17 6/6,970

MGH-44 2.46 ± 0.81 3/1,764 – –

MGH-45 2.40 ± 0.52 4/5,153 2.40 ± 0.40 3/3,832

MGH-49 – – 1.70 ± 0.60 6/7,880

MGH-50 1.70 ± 0.40 4/9,758 – –

MGH-60 1.34 ± 0.11 3/2,362 1.50 ± 0.20 2/1,844

MGH-63 0.47 ± 0.06 4/1,181 – –

MGH-68 1.54 1/477 – –

Mean 1.84 4/4,533 1.73 4/5,131

SEM 0.33  0.24  

Number of grafts corresponds to the number of mice transplanted with islets from the same donor, stained for  insulin 

and  glucagon, and the total of insulin-positive cells counted from all the grafts. Results are expressed as mean ± SEM. 

STZ, streptozocin; ICR-SCID, Institute of Cancer Research-severe combined immunodeficient.

Figure 3. Human islets engrafted under the mouse kidney 

 capsule immunostained for insulin (red) and Ki67 (green).  

(A) and (B) represent examples of insulin-containing cells 

stained with Ki67. Scale bar: 20 mm.
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and either BMI (r
2
 = 0.007, p = 0.8) or age of the donors 

(r
2
 = 0.23, p = 0.15). b-Cell replication was also assessed 

by BrdU incorporation 24 h after administration (Table 6). 

The percentage of BrdU
+
insulin

+
 cells 4 weeks after trans-

plantation in the control nontreated group and EGF-gastrin 

group was 0.17 ± 0.06% and 0.15 ± 0.04%, respectively. 

Gastrin alone, gastrin and exendin-4, exendin-4 alone, and 

gastrin and EGF treatments did not increase b-cell repli-

cation in human islets engrafted into non-STZ mice, as 

shown in Figure 4.

We also assessed b-cell death by TUNEL and insu-

lin double staining from nontreated controls at 4 and 14 

weeks, and groups treated with exendin-4, gastrin, gas-

trin + exendin-4, and gastrin + EGF at 4 weeks. The per-

centage results of TUNEL
+
insulin

+
 cells in these groups 

were 0.14 ± 0.02, 0.12 ± 0.02, 0.10 ± 0.03, 0.21 ± 0.05, 

0.14 (n = 1), 0.07 ± 0.05, respectively. For each of these 

conditions, between 2,137 and 6,286 insulin-positive cells 

were examined. All of these mice were non-STZ treated.

Examination of Human Cadaveric and Autopsy 

Pancreases, and Frozen Pancreatic Biopsies for 

b-Cell Replication

When formalin-fixed paraffin sections of 11 cadaveric 

pancreases (subject ages 15–58, mean 42) were stained 

for Ki67 and insulin, no Ki67
+
insulin

+
 cells were found 

after analyzing a total of 596 islets with an average of 

40 b-cells per islet. Indeed, no Ki67-positive cells were 

found in any of the sections.

A second group of seven pancreases from nondiabetic 

individuals (ages 67–81, mean 74) obtained within 4 h 

after death were available from the archive at Uppsala 

University and immunolabeled with Ki67 antibody after 

antigen retrieval. This antibody works well on formalin-

fixed frozen sections (positive control). In addition, three 

cases with diabetes were included (ages 65–80, mean 76). 

No positive nuclei could be detected in any of the cases.

However, when frozen pancreatic biopsies were simi-

larly double stained for Ki67 and insulin, 12 Ki67
+
insulin

+
 

Table 5. Percentage of Double-Positive Cells for Ki67 and Insulin in Grafts From Non-STZ ICR-SCID Mice 
Transplanted With Human Islets After 4 and 14 Weeks

Donor
% Ki67-Insulin

4 Weeks
Number Grafts/

Total Insulin Cells
% Ki67-Insulin

14 Weeks
Number Grafts/

Total Insulin Cells

MGH-39 0.42 ± 0.03 4/9,598 – –

MGH-40 0.11 ± 0.03 7/15,471 – –

MGH-40b 0.06 ± 0.01 6/12,764 – –

MGH-41 0.35 ± 0.10 3/5,673 – –

MGH-42 – – 0.10 ± 0.03 6/11,167

MGH-44 0.17 ± 0.05 3/7,269 – –

MGH-45 0.21 ± 0.07 3/7,433 0.10 ± 0.03 3/6,792

MGH-49 – – 0.08 ± 0.01 5/14,746

MGH-50 0.27 ± 0.07 4/9,738 – –

MGH-60 0.19 ± 0.05 3/6,789 0.22 ± 0.03 2/5,438

MGH-63 0.20 ± 0.05 3/6,568 – –

MGH-68 0.24 ± 0.06 3/6,725 – –

Mean 0.22 4/8,803 0.13 4/9,536

SEM 0.03 0.03

There are no significant differences between % Ki67-insulin at 4 weeks versus 14 weeks after transplantation (p = 0.12, 

unpaired t test). Results are expressed as mean ± SEM.

Table 6. Percentage of Double-Positive Cells Stained for BrdU and Insulin in Human Islet Grafts of Non-STZ 
ICR-SCID Mice

Donor
Control

% BrdU-Insulin
Number Grafts/

Total Insulin Cells 
EGF-Gastrin

% BrdU-Insulin
Number Grafts/

Total Insulin Cells 

MGH-63 0.11 ± 0.04 3/6,928 0.11 ± 0.06 3/5,242

MGH-68 0.22 ± 0.04 3/6,725 0.19 ± 0.03 4/9,446

Mean 0.17 3/6,827 0.15 3/7,344

SEM 0.06  0.04  

Grafts from non-STZ-treated mice were injected with 5-bromo-2¢-deoxyuridine (BrdU) 24 h prior to sacrifice in 8-h intervals. 

The table shows the results from control and epidermal growth factor (EGF)-gastrin-treated mice, and data are expressed as 

mean ± SEM.
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Figure 4. Percentage of double-positive Ki67 and insulin cells in human islet grafts after different treatments. Percentage of double-
positive Ki67 and insulin cells in human islet grafts transplanted under the kidney capsule of non-STZ ICR-SCID mice for 4 weeks 
and treated with (A) gastrin alone,150 µg/kg, twice a day (8 am and 6 pm) for 3 weeks or gastrin (same dosage) + exendin-4, 1 nmol/ 
kg once a day (6 pm) for 1 week; (B) exendin-4, 1 nmol/kg, once a day (6 pm) for 1 week; and (C) epidermal growth factor (EGF), 
30 µg/kg, and gastrin, 1 mg/kg, once a day for 10 days. Control bars represent mice transplanted with human islets but no drug treat-
ment. Results are expressed as mean ± SEM.
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of a total of 6,630 insulin cells were found (0.18% 

Ki67
+
insulin

+
). Moreover, all pancreatic frozen biopsies 

had Ki67-positive cells other than insulin-positive cells, 

which were non-b-islet cells, exocrine cells, or nonidenti-

fied cells.

Human Islets Transplanted Into  
Diabetic STZ-Treated Mice

In a separate experiment, human islets (1,000 IEQs, 

donor H0623B) were similarly transplanted under the 

kidney capsule of normoglycemic non-STZ-treated and 

STZ-treated diabetic ICR-SCID mice. One of six diabetic 

mice became normoglycemic 1 week after transplanta-

tion, remaining normal for 4 weeks. The b/a-cell ratio 

was significantly lower in islets engrafted in diabetic mice 

than in the normoglycemic recipients (n = 6; 1.40 ± 0.08 

vs. 2.94 ± 0.36, p = 0.007). However, no difference was 

found in b-cell replication as assessed by counting cells 

double stained for Ki67 and insulin (Table 7).

b-Cell Neogenesis From Human Duct Cells

Human exocrine tissue was transplanted under the 

kidney capsule of normoglycemic non-STZ-treated ICR-

SCID mice, the grafts were retrieved after 4 weeks, and 

double staining was performed for CK19 and either insu-

lin or glucagon (Fig. 5). By 4 weeks, no acinar cells could 

be found, and the graft consisted almost entirely of duct 

cells. Table 8 shows the number of insulin and glucagon 

cells found within or outside of duct structures as iden-

tified by CK19-positive cells. These cells were few in 

number, and there was no evidence that any of the drug 

treatments increased the frequency of insulin- or glucagon-  

positive cells in either location. To look further for evi-

dence of neogenesis, 12 insulin-positive cells within the 

duct epithelium were analyzed to see if they expressed 

the duct marker CK19 as well. By doing confocal optical 

z-stacks, we found that 7 of these 12 cells expressed both 

CK19 and insulin (Fig. 6).

DISCUSSION

The present study examines grafts of human islets 

transplanted under the kidney capsule of immunocom-

promised ICR-SCID mice with regard to cell composition 

and the regenerative potential of b-cells by replication 

and neogenesis.

There has been a surprising amount of disagreement 

about b-cells as a percentage of total islet cells in the 

adult human pancreas with estimates varying from 50% 

Table 7. Insulin/Glucagon Ratio and % Ki67-Insulin-Positive Cells of Human Islet Grafts From 
Diabetic and Nondiabetic ICR-SCID Mice

Insulin/Glucagon
Number Grafts/

Total Insulin Cells % Ki67-Insulin
Number Grafts/

Total Insulin Cells

Diabetics 1.40 ± 0.08 5/1,247 0.89 ± 0.25 5/2,445

Cured 2.22 1/901 0.42 1/1,388

Controls 2.94 ± 0.36* 6/3,578 0.63 ± 0.17 5/7,856

Insulin/glucagon ratio and % Ki67-insulin-positive cells in human islet grafts (donor H-0623) transplanted into 

STZ-treated hyperglycemic mice (diabetics) and non-STZ-treated normoglycemic mice (controls). Cured refers 

to a STZ-treated hyperglycemic mouse that became normoglycemic after transplantation. Results expressed as 

mean ± SEM. *p = 0.007.

Figure 5. Human exocrine tissue engrafted under kidney capsule had hormone-positive cells within the ductal structures. 

Immunostaining for CK19 (red) for ducts and insulin (green) (A, B) and glucagon (green) (C). In (B), the insulin-positive cells (green) 

are outside of the duct (red). Scale bars: 50 mm (A), 10 mm (B), and 25 mm (C).
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to over 80%, as has been recently reviewed (18). Our 

analysis using electron microscopic determination of 

islet cell type on preparations of isolated human islets 

obtained a value of 73.6% (18). In our present study, 

the ratio of insulin- to glucagon-stained cells in human 

islet grafts ranged from 0.47 to 4.3, with a mean of 1.84 

(Table 2). Assuming that about 5–10% of islet cells are 

neither a- or b-cells, our data indicate that about 60% 

of the islet cells in the grafts were b-cells, which being 

lower than 74% suggests that b-cells were preferentially 

lost. This is not very surprising because it is generally 

thought that b-cells are more fragile than other cell 

types. For example, streptozotocin kills b-cells but not 

hepatocytes that have a similar glucose transporter 2 

(GLUT2) glucose transport mechanism. As noted above, 

the b/a-cell ratios varied substantially (ranging from 

4.30 to 0.47). The paucity of b-cells in some grafts could 

be due to a pathological process in the donor, such as 

type 2 diabetes, that was not recognized during donor 

selection leading to b-cell reduction or perhaps result-

ing from loss of b-cells during the trauma of isolation. It 

can be noted that a study of a-cell mass in adult human 

pancreases found surprising variability (7). Interestingly, 

the survival of human a-cells in the grafts is very dif-

ferent from our findings with transplanted rat islets, in 

which there was a marked preferential loss of a-cells in 

the grafts over a 12-week period (9).

Table 8. Exocrine Tissue Transplanted Under the Kidney Capsule of Non-STZ Normoglycemic ICR-SCID Mice

Donor Conditions
Insulin

Out Ducts
Insulin

In Ducts n (Grafts) CK19
Insulin Out

Ducts/CK19%
Insulin In

Ducts/CK19%

a) Number of insulin-positive cells in and out of the duct epithelium
MGH-040 control

exendin-4

25

52

1

1

3

4

2,127

4,032

1.18

1.29

0.05

0.02

MGH-040B control

exendin-4

0

0

3

2

4

2

4,397

959

0

0

0.07

0.21

MGH-041 control

exendin-4

0

1

0

2

2

4

1,089

2,228

0

0.04

0

0.09

MGH-042 control

exendin-4

7

4

23

12

3

4

4,052

5,154

0.17

0.08

0.57

0.23

MGH-063 control

gastrin-EGF

0

3

2

5

1

3

587

5,158

0

0.06

0.34

0.10

MGH-068 control

gastrin-EGF

1

9

5

9

3

3

4,760

5,066

0.02

0.18

0.11

0.18

Donor Conditions
Glucagon
Out Ducts

Glucagon
In Ducts n (Grafts) CK19

Glucagon Out
Ducts/CK19%

Glucagon In
Ducts/CK19%

b) Number of glucagon-positive cells in and out of the duct epithelium
MGH-042 control

exendin-4

1

0

3

10

3

4

2,450

3,619

0.04

0

0.12

0.28

MGH-063 control

gastrin-EGF

0

2

5

11

1

3

587

5,158

0

0.04

0.85

0.21

MGH-068 control

gastrin-EGF

0

0

2

1

3

3

4,760

5,066

0

0

0.04

0.02

Figure 6. Human exocrine tissue engrafted under kidney cap-

sule had some insulin-positive cells within the ductal structures 

that coexpressed CK19, the marker of duct cells, suggesting an 

ongoing process of differentiation. CK19 (red); insulin (green). 

Three optical sections of a confocal z-stack separated by 0.9 mm 

are shown in the upper panel. Bottom panels show the red chan-

nel only to visualize the CK19 immunostaining in the upper 

panels. Scale bar: 10 mm.
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b-Cell replication, albeit at a low level, was found in all 

of our grafts containing human islets, and the percentage 

of b-cells with Ki67 staining averaged 0.22%, which is 

in general agreement with other studies (13,29). In some 

of our grafts, the Ki67 staining of b-cells was over 0.6%. 

Ki67 appears to be a valid way to mark cells in cell cycle 

and provides results in general agreement with results 

obtained with BrdU in our study and proliferating cell 

nuclear antigen (PCNA) and minichromosome mainte-

nance protein (MCM-7) by others (10). The presence of 

b-cells replicating in all the grafts is in sharp contrast to 

the complete lack of replication found in the donor cadav-

eric and autopsy pancreases we examined. The remarkable 

rarity of dividing b-cells in adult human pancreases has 

been reported in other studies (4,8,17,21). In a study using 

cadaver pancreases, b-cell replication as determined with 

Ki67 was more prominent in younger donors, but only a 

minority of pancreases from older donors had measure-

able replication (8). In contrast, a frequency of Ki67 stain-

ing similar to what we see in our grafts was reported in 

most pancreases in some studies (11,19). It is notable that, 

in a study examining tissue obtained after partial pancre-

atectomy surgery in adults, the Ki67 positivity was in the 

range of 0.5%. Perhaps the values were so high because 

the tissue was fixed a very short time after surgery (14).

The lack of replication of b-cells and even acinar cells 

in our donor cadaveric and autopsy pancreases raised ques-

tions about the complexities of Ki67 staining, as has been 

discussed elsewhere (2,23). However, we could find Ki67 

in lymph nodes as a positive control, and others have found 

Ki67-positive b-cells in pancreases of younger cadaver 

donors prepared in the same way as the older donors that 

had no evidence of b-cell replication (8). Interestingly, all 

our frozen sections from human pancreatic biopsies had 

islet and nonislet Ki67-positive cells, and b-cells with 

Ki67 staining averaged 0.18%, similar to what we found 

in our grafts (0.22%). This raises the important question as 

to whether cadaveric donor and autopsy pancreases lose 

their Ki67 staining because of events surrounding illness 

and death and/or because of the way pancreases are han-

dled and preserved before being processed for histology. 

Thus, it is possible that after a person’s death, b-cells and 

other cells can remain alive for a period of time but are 

stressed enough for replication to slow. Then, if rescued 

by being placed into an in vivo transplant environment, 

the cells regain their health and can again enter the cell 

cycle. Therefore, b-cell turnover from replication in adult 

pancreases may be higher than previously appreciated and 

high enough to have an impact.

b-Cells in the grafts are exposed to glucose levels higher 

than found in normoglycemic humans because mice nor-

mally have higher glucose levels than humans. This is 

related to the interesting finding that in the IPGTT, glucose 

is cleared more rapidly in the mice carrying transplanted 

human b-cells than controls, which presumably results 

from the human b-cells having a lower set point than 

mouse b-cells. Thus, there is glycemic stimulation of 

these cells, which leads to continued insulin secretion that 

may be linked to increased replication, similar to that seen 

in a mouse model employing glucose infusions (13). To 

determine if the observed replication was dependent on 

the early 4-week time point, we examined grafts 14 weeks 

after transplantation and found replication at levels only 

modestly lower than at 4 weeks in all grafts examined.

We also sought to determine if replication could be 

stimulated by a combination of exendin-4 and gastrin or 

of gastrin and EGF. These regimens were chosen after 

consideration of the literature and our own experience. 

Exendin-4 has been shown to stimulate b-cell replication 

in rats (30). None of these treatments could be found to 

stimulate replication in our human b-cells. Because the 

treatments were given from 10 days to 3 weeks, it is possi-

ble we missed an earlier effect. Nonetheless, although we 

did not measure b-cell mass, we are concerned that pros-

pects for increasing b-cell mass using these treatments in 

human islet transplantation are not encouraging.

We also asked if neogenesis from duct cells to islet 

cells was present and could be stimulated. We have previ-

ously shown that purified human duct cells could produce 

a small number of insulin-containing cells when trans-

planted under the kidney capsule of mice (31). There 

are now several studies showing that various agents can 

stimulate neogenesis of islet cells from human and rodent 

pancreatic tissue. Exendin-4, an analog of glucagon-like 

peptide 1 (GLP-1), has been shown to increase both b-cell 

replication and neogenesis in diabetic and control rats 

(30). Stimulation of neogenesis in mice by combination 

treatment with gastrin and EGF has also been reported 

(22). Even gastrin alone has been found to increases 

b-cell mass by increasing both b-cell replication and 

neogenesis in rats after 95% pancreatectomy (28). With 

regard to human pancreatic tissue transplanted under the 

kidney capsule of immunocompromised mice, combina-

tions of gastrin plus EGF and of gastrin plus GLP-1 have 

been reported to stimulate neogenesis from pancreatic 

duct cells (25,26). Strikingly, after 5 weeks of treatment 

with gastrin and GLP 1, 54% of the CK19-positive cells 

in grafts were double stained for insulin compared with 

only 7% in the vehicle-treated mice (26).

In our study of neogenesis, we transplanted tissue that 

was predominantly exocrine but not purified and treated 

the mice with exendin-4 for 1 week prior to sacrifice at 4 

weeks or with gastrin plus EGF for 10 days prior to sac-

rifice. We characterized insulin-positive cells outside the 

duct structures as most likely being b-cells that were intro-

duced at the time of transplantation. Insulin-positive cells 

within duct structures were considered better candidates 

for having been generated by neogenesis. Consistent with 
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a neogeneic process, we found more glucagon-positive 

cells within the duct structures than outside. We were 

particularly interested in finding cells that were double 

stained for CK19 and insulin, as these could be markers 

for neogenesis. Of 12 insulin-positive cells in ducts that 

were carefully examined with optical sectioning by con-

focal microscopy, 7 were double positive for insulin and 

CK19. We interpret this as evidence of a slow process of 

b-cell neogenesis from duct cells in a transplant site. Our 

results are very different from those of Suarez-Pinzon et 

al. (26). We found less than 1% of all insulin-positive cells 

associated with ducts, and only about half of these were 

double stained for insulin and CK19, which is far less than 

the 7% seen in their control vehicle-treated grafts. Our 

stimulated values for CK19
+
insulin

+
 cells were far lower 

than theirs; the shorter duration of our treatments seems 

like only a partial explanation for this major discrepancy.

In conclusion, our grafts of human pancreatic tissue 

studied 4 and 14 weeks after transplantation into nor-

moglycemic mice show evidence of low levels of b-cell 

replication and neogenesis, the latter suggested by cells 

double stained for insulin and CK19. However, neither 

process could be stimulated by short-term treatment with 

agents that included combinations of exendin-4, gastrin, 

and EGF. Continued generation of b-cells probably coun-

ters what appears to be a slow constant rate of b-cell death 

as evidenced by TUNEL staining results. This study sup-

ports the concept that human b-cells have a low level of 

turnover and the possibility that regeneration could be 

stimulated with a therapeutic intervention.
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