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ABSTRACT

Islet engraftment after transplantation is impaired by high rates of islet/b cell death caused by cellular
stressors and poor graft vascularization. We studied whether cotransplantation of ex vivo expanded
autologous bone marrow-derived mesenchymal stem cells (MSCs) with islets is safe and beneficial in
chronic pancreatitis patients undergoing total pancreatectomy with islet autotransplantation. MSCs
were harvested from the bone marrow of three islet autotransplantation patients and expanded at
our current Good Manufacturing Practices (cGMP) facility. On the day of islet transplantation, an aver-
age dose of 20.0 6 2.6 3106 MSCs was infused with islets via the portal vein. Adverse events and gly-
cemic control at baseline, 6, and 12 months after transplantation were compared with data from 101
historical control patients. No adverse events directly related to the MSC infusions were observed.
MSC patients required lower amounts of insulin during the peritransplantation period (p 5 .02 vs. con-
trols) and had lower 12-month fasting blood glucose levels (p 5 .02 vs. controls), smaller C-peptide
declines over 6 months (p 5 .01 vs. controls), and better quality of life compared with controls. In con-
clusion, our pilot study demonstrates that autologous MSC and islet cotransplantation may be a safe
and potential strategy to improve islet engraftment after transplantation. (Clinicaltrials.gov registration
number: NCT02384018). STEM CELLS TRANSLATIONAL MEDICINE 2018;7:11–19

SIGNIFICANCE STATEMENT

This pilot study demonstrates for the first time that intrahepatic infusion of autologous bone
marrow-derived mesenchymal stem cells (MSCs) during islet transplantation may be safe and may
have the potential to improve islet engraftment, glycemic control, and quality of life. This work
extends the current paradigm of MSCs as an immune regulatory factor and reveals important addi-
tional functions of MSCs in promoting islet engraftment after transplantation in islet autotransplant
patients. This study proves justification for a larger and randomized clinical trial, as MSCs have the
potential to reduce inflammatory damage and support angiogenesis in transplanted islets.

INTRODUCTION

Autologous islet transplantation is currently per-
formed in patients with chronic pancreatitis (CP)
to avoid type 3c diabetes after total pancreatec-
tomy. Allogeneic islet transplantation offers prom-
ising therapy for patients with type 1 diabetes.
The long-term efficiency and effectiveness of islet
transplantation are problematic. Stresses induced
during islet harvesting and after transplantation
led to death of more than half of the transplanted
islets even under optimal conditions [1, 2].
Numerous factors including the instant blood-
mediated inflammatory reaction (IBMIR), proin-
flammatory cytokines, and hypoxia contribute to
poor islet engraftment and b cell death during
the peritransplantation period [3–6]. Engrafted

islets may be further destroyed by chronic b cell
exhaustion and autoimmune responses, which
decreases the survival and function of trans-
planted islets and eventually leads to impaired
glycemic control in patients. Insulin independent
rates are known to be low in both autologous and

allogeneic islet recipients [3, 7–10]. Strategies that

can increase islet engraftment after transplanta-

tion may enhance the effectiveness of islet trans-

plantation [11, 12].
Mesenchymal stem cells (MSCs) are adult

stem cells that can be harvested from bone mar-
row, adipose, and dental pulp. They attach to
standard plastic cell culture plates, express spe-
cific cellular markers such as CD73, CD90, and
CD105, and can be differentiated into osteoblasts,
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adipocytes, and chondroblasts [13]. They possess a remarkably
diverse array of tissue protective and immunosuppressive charac-
teristics [14–18].

In murine models of diabetes, systemic infusion of MSCs
delays the onset of diabetes, improves glycemic control, promotes
pancreatic tissue regeneration, reduces pancreatic insulitis, and
prevents autoimmune destruction [17, 19, 20]. Intravenously
infused MSCs are known to migrate to pancreatic islets or the
injured pancreas [21, 22].

The immunological properties of MSCs show great potential
in organ transplant therapies and are associated with lower rates
of organ rejection and infection following transplant. Cotransplan-
tation of MSCs and islets protects the islets from injury in rodent
models. In streptozotocin (STZ)-induced diabetic mice, cotrans-
plantation of syngeneic MSCs with a marginal mass of allogeneic
islets under the kidney capsule resulted in prolonged normoglyce-
mia [23]. In the STZ-induced diabetic rodents, cotransplantation of
syngeneic MSC in the omentum [24] and kidney capsule [23, 25,
26] significantly prolonged islet graft survival compared with ani-
mals receiving islets alone. In nonhuman primates, intraportal
cotransplantation of donor MSCs and islets in an allogeneic islet
transplantation setting provided a distinct advantage in promoting
early islet engraftment [27].

The major mechanism of MSC protection may be in their
paracrine secretion of protective factors [27, 28]. MSCs promote
angiogenesis based on their ability to secrete vascular endothelial
growth factor, hepatocyte growth factor, TGF-b and others. These
factors are required for angiogenesis, and local increase in
concentration by MSCs may improve islet implantation [29–31].
Based on these attributes, we hypothesize that cotransplantation
of autologous MSCs can enhance islet engraftment, survival,
and function in CP patients undergoing islet autotransplantation
(IAT).

MSCs are currently being tested in clinical trials for the treat-
ment of type 1 and type 2 diabetes, diabetes complications, and
other diseases (clinicaltrials.gov). A recent survey indicated that
more than 1,000 humans have received MSCs for various indica-
tions. No adverse events (AEs) during or after MSC infusion have
been reported, and no ectopic tissue formation has been noted
[32]. We have validated that the phenotype and functional integ-
rity of MSCs from CP patients are comparable to those from
healthy donors (Wang, unpublished data), suggesting that MSCs
from CP patients are suitable for cellular therapy. In this pilot clini-
cal trial, we evaluated the safety and efficacy of cotransplantation
of autologous MSCs and islets in patients who undergo total pan-
createctomy and islet transplantation (TP-IAT). We compared
adverse events, glycemic control, and quality of life (QOL) of MSC
treated patients with 101 matched historical patients who
received islet transplantation alone.

MATERIALS AND METHODS

Patent Selection

Diabetes-free adult chronic pancreatitis patients scheduled for
total pancreatectomy with islet autotransplantation were enrolled
in this case-control study. Participants were enrolled if they had
normal renal function, normal coagulation parameters, and normal
liver function as measured by serum levels of alanine aminotrans-
ferase, aspartate aminotransferase, and total bilirubin. Patients
who had undergone prior transduodenal sphincteroplasty or

pancreatic head resection procedures were eligible for enrollment,
but other resection or pancreatic drainage procedures precluded
enrollment. All patients signed informed consent approved by the
Medical University of South Carolina (MUSC) Institutional Review
Board. The clinicaltrial.gov registration number is NCT02384018.

Study Design

This study was designed as a phase I, open-label, single-center,
pilot study to evaluate the safety and efficacy of cotransplantation
of autologous bone marrow-derived MSCs with islets in CP
patients undergoing TP-IAT. The safety and efficacy of infusion of
MSCs immediately after islet transplantation were assessed
through adverse events, onset of diabetes, glycemic control, pain
relief, and quality of life indexes. Data were compared with those
from 101 adult patients who were diabetes-free prior to surgery
and had TP-IAT at MUSC from 2009 to 2015 who completed 6-
and 12-month follow-up visits.

MSC Preparation

A bone marrow aspirate (10–15 ml) was harvested from the iliac
crest from patients under local anesthesia 21 days before sched-
uled islet transplantation. Samples were placed on ice and trans-
ferred to the MUSC class 10,000 current Good Manufacturing
Practice (cGMP) compliant clean room. Bone marrow mononu-
clear cells (MNCs) were isolated by Ficoll density gradient
(density 1.077 g/cm3) centrifugation. Washed cells were resus-
pended in serum-free alpha-MEM supplemented with gentami-
cin (VWR, Radnor, PA, USA, https://us.vwr.com/store/). MNCs
were plated at a density of 10,000–20,000 cells/cm2. Cells were
cultured in alpha-MEM supplemented with pooled human plate-
let lysate (from Emory University) at 378C in a humidified atmos-
phere containing 5% CO2. When the cultures reach near
confluence (>80%), cells were detached by treatment with Try-
pLE (Gibco, Gaithersburg, MD, USA, https://www.thermofisher.
com/us/en/home/brands/gibco.html) and re-plated at a density
of 1,000 cells/cm2 in flasks. MSCs at passage 4 were used for
transplantation. Release criteria of MSCs were as follows:
(>95%) CD73, CD90, CD105, and (<5%) for CD14, CD31, CD45
and HLA-DR, viability >70% (by Trypan blue dye exclusion
assay), negative gram stain of the infusion product, negative
bacterial, fungal, endotoxin, and mycoplasma tests. We obtained
an average of 266 9.7 3 106 MSCs at passage 4. Cells were re-
suspended into 4 3 106 cells/ml in Plasmalyte A for infusion.
Each patient received 20 3 106 (6 15%) cells without heparin.
The number of MSCs infused was determined based on num-
bers of MSCs used in other clinical trials and a nonhuman pri-
mate study in which MSCs and islet were cotransplanted into
streptozotocin-induced diabetic cynomolgus monkeys [27].

Islet Harvest and Transplantation

The pancreatectomy was performed by open laparotomy at the
MUSC Hospital. After devascularization, the pancreas was trans-
ferred to the MUSC cGMP facility where islets were harvested
from the pancreas using the modified Ricordi method [33]. Total
unpurified islets were resuspended in 5% human albumin with
heparin (70 U/kg body weight) for infusion. Endotoxin assays,
gram stains, and bacterial and fungal cultures were measured in
the final products and used as sterility indicators. Non-purified
islets were infused into the portal vein via the mesenteric vein of
the patient who was under general anesthesia. MSCs were
infused right after islet infusion via the same route. No other
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anticoagulation was used during and after islet infusion. Hepatic
pressures were measured before, during, and after infusion.

Safety Tests

Patients were put on insulin treatment for a target glucose level
of 100 mg/dl during the perioperative period before being dis-
charged. All AEs were recorded and classified according to their
severity. The independent Data Safety Monitoring Committee
(DSMB) reviewed serious AEs (SAEs). All autologous islet trans-
plant patients are scheduled to return to MUSC at 1, 2, 3, and 6
months, and then yearly for checkup after hospital discharge.

Measurement of Clinical Outcomes

Diabetes onset and insulin requirements after surgery were meas-
ured and compared between groups. Fasting plasma glucose, C-
peptide, hemoglobin A1C (HbA1c), and indexes from a mixed-
meal tolerance test (MMTT) including serum C-peptide levels
evaluated glycemic control. Insulin independence was defined
[34] as no-insulin therapy, HbA1c <6.5%, fasting blood glucose
<126 mg/dl and 2 h postprandial blood glucose <180 mg/dl.
Daily oral morphine equivalents and QOL as measured by the SF-
12 questionnaire were recorded.

MMTT

The MMTT was performed at 6 months postoperatively. Patients
were asked to drink “BOOST,” which contains a mixture of protein,
fat and carbohydrates, at a dose of 6 mL per kilogram body weight
after fasting overnight. Patient’s blood was drawn prior to the
BOOST and then at 15, 30, 60, 90, 120, 180, and 240 minutes (65
minutes) after ingestion. Glucose and C-peptide levels in serum
were measured using standard methods. The mixed meal stimula-
tion index was calculated as described [35], and results were com-
pared with the only four historical patients who had done the
MMTTs at 6 months postoperatively.

Statistics

Two-tailed independent sample t tests were used to compare
mean differences between groups, and variances were

conservatively assumed to be unequal. Glucose and C-peptide val-
ues after MMTT over time were compared between groups using
general linear mixed models. All values are presented as mean
and standard deviation unless otherwise specified. p< .05 was
denoted as statistically significant.

RESULTS

Characteristics of Patients

We report on the first three patients who received MSCs as part
of their islet autotransplantation and compared demographic vari-
ables with the 101 historical patients referred as “CTRs”. There
were no significant differences in demographic variables, including
patient age, body weight, body mass index, HbA1c, and years of
chronic pancreatitis (Table 1). MSCs were collected and ex vivo

expanded for 21 days prior to scheduled islet transplantation (Fig.
2A). No differences in islet product weight, total islet equivalent
numbers (IEQ) infused, and IEQ transplanted per kilogram of body
weight were seen. MSC patients received an average of
20.06 2.6 3 106 MSCs (Table 1). The total volume of cells infused
was 5.366 0.75 ml. Hepatic pressures increased to similar
degrees after infusion in both MSC and CTR patients (Table 1).

AEs and SAEs

Adverse events are summarized in Table 2. All three patients who
received MSCs tolerated the procedure well. The first patient did
not have any AE. The second patient had dehydration, bacterial
pneumonia, a pleural effusion, and a positive purified protein
derivative. This patient was also treated for a possible non-
occlusive portal vein thrombosis (PVT). The diagnosis was sug-
gested by a contrasted dual phase computed tomography image
that showed a filling defect not observed at the time of follow-up
visits. The possibility of incomplete contrast timing could not be
excluded. The third patient had emesis, upper gastrointestinal
bleeding and left PVT. All AEs and SAEs resolved within 8 weeks.
All of the above AEs have also been observed in historical control

Table 1. Patient characteristics at diagnosis and islet and MSC infusion

Average of MSC

subjects (n 5 3)

Horizontal control

subjects (n 5 101)

Characteristics Patient 1 Patient 2 Patient 3 Mean SD Mean SD p value

Age (yr) 26 29 46 33.7 10.8 42.4 11.4 .29

Body weight (kg) 76 109 79 88.0 18.2 74.4 20.6 .33

BMI (kg/m2) 23 44 25 30.7 11.6 26.4 6.3 .59

HbA1C pre-op (%) 5.4 5.6 5.4 5.5 0.1 5.7 0.9 .11

Years of CP 9 11 10 10.0 1.0 8.2 5.8 .06

Islet product weight (g) 7 50 30 29.0 21.5 15.6 11.9 .39

Total islet infused IEQ 221,124 704,244 470,888 465,152 241,598 277,986 221,211 .31

IEQ/kg 2,909 6,461 5,950 5,107 1,920 3,863 3,127 .38

MSC (3106) 22 17 21 20.0 2.6 0 0 N/A

Hepatic pressure (mmHg)

Pre-infusion 7 11 6 8 2.6 7.9 3.6 N/A

During infusion 7 19 13 13 6 13 5.8 N/A

Post-infusion 8 29 16 17.7 10.6 16 8.3 N/A

Abbreviations: BMI, body mass index; CP, chronic pancreatitis; HbA1C, hemoglobin A1C; IEQ, islet equivalent number; MSC, mesenchymal stem cell;
N/A, not applicable; yr, years; SD, standard deviation.
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patients, and none of them were determined by the DSMB to be
directly related to MSC infusion. PVTs were seen in 8 of 100 histor-
ical patients. In these patients, the chance of PVT is positively cor-
related with total islet pellet weight: the average islet pellet
weight of historical patients with PVT was 28.36 4.2 g versus
13.86 4.0 g in those without PVT (Fig. 1). During the first 12
months after islet and MSC cotransplantation, no tumor or
ectopic tissue formation was observed in any MSC patient.

MSC Patients Have Improved Glycemic Control

We first compared diabetes onset and mean insulin require-
ments of MSC and control patients. One in 3 (33%) MSC

patients was insulin-free, compared with 22.2% and 20.0% of
historical control patients at 6 and 12 months, respectively
(Fig. 2B). MSC patients required less daily insulin than historical
controls on postoperative day 2 (10.76 4.5 U vs. 22.06 18.7
U, MSC: control, p 5 .02) and day 3 (5.36 6.1 U vs. 18.76 19.1
U, p 5 .04). Daily exogenous insulin usages still trended lower
in MSC group at 6 months (9.36 8.1 U vs. 18.16 21.5 U,
p 5 .19) and 12 months postoperatively (16.76 15.0 U vs.
20.76 23.1U, p 5 .69; Fig. 2C.

There was no difference in fasting blood glucose levels pre-
operatively. However, MSC patients had lower fasting blood
glucose levels compared with controls at both 6 months
(114.36 28.4 mg/dl vs. 165.36 95.2 mg/dl, p 5 .06) and 12
months (113.76 26.0 mg/dl vs. 182.1 6110.8 mg/dl, p 5 .02;
Fig. 2D). No differences in HbA1c levels were observed
between MSC patients and controls at any time (Fig. 2E).
Patients in the historical group had significantly higher C-
peptide levels preoperatively compared with MSC patients
(2.36 2.3 ng/ml vs. 1.36 0.1 ng/ml, p< .001). However, the 6-
month mean C-peptide decline of controls dropped 1.56 2.7
ng/ml, while C-peptide levels in MSC group dropped 0.46 0.4
ng/ml (p 5 .01; Fig. 2F).

Mixed meal tolerance tests were performed in the MSC
and 4 historical control patients at 6 months postoperatively.
There was no difference in peak C-peptide level during the
MMTT (2.26 2.3 ng/ml vs. 1.96 0.9 ng/ml, MSC vs. CTR,
p 5 .87; Fig. 3A, 3B), C-peptide area under the curve
(24.96 11.2 vs. 17.76 19.5, MSC vs. CTR, p 5 .5; Fig. 3C), or
Mixed Meal Stimulation Index (0.366 0.22 vs. 0.226 0.32,
MSC vs. CTR, p 5 .5) between MSC and control populations,
respectively (Fig. 3D).

Table 2. Adverse events of MSC patients

Subject ID AE Description Start Date End Date Severity Casual Relationship Action Taken SAE? SAE Reason Outcome

MSC1 None

MSC2 Dehydration 4/1/15 4/13/15 1 1 2 Y 2 1

MSC2 Portal vein thrombosis 4/22/15 1 1 2 Y 6 1

MSC2 Pneumonia 4/29/15 5/1/15 1 1 2 Y 2 1

MSC2 Pleural effusion 6/20/15 6/26/15 1 1 1 Y 2 1

MSC2 Latent TB infection w/fever 7/15/15 7/26/15 1 1 1 Y 2 1

MSC2 Right pleural effusion 8/19/15 8/20/15 1 1 1 Y 2 1

MSC3 Left portal vein thrombosis 6/1/15 6/20/15 1 1 2 Y 6 1

MSC3 Emesis 6/11/15 6/18/15 1 1 2 Y 2 1

MSC3 Upper GI bleed 6/11/15 6/18/15 3 1 3 Y 2 1

Key

Severity Casual Relationship Action Taken SAE Reason Outcome

Grade 15Mild 15None 15 Life- threatening 15 Recovered

Grade 25Moderate 15Unlikely 25Medication 25 Required hospitalization 25Ongoing

Grade 35 Severe 25 Possibly 35Other 35 Prolonging existing hospitalization 35 Recovered with sequela

Grade 45 Life- threatening 35 Probably 45 Resulting in persistent significant
disability or incapacity

45 Fatal

Grade 55Death 55 Congenital anomaly or birth defect 55Unknown

65Medically significant or important
medical condition

75Death

Abbreviations: AE, adverse event; GI, gastrointestinal; MSC, mesenchymal stem cell; SAE, serious adverse events; TB, tuberculosis; Y, yes.

Figure 1. Patients who had PVT showed higher average islet pellet
weight compared with patients without PVT. Islet pellet weights in
patients who had PVT or didn’t have PVT (no-PVT) after islet trans-
plantation. Error bars represent standard errors; p values are from
Student’s t test assuming unequal variances. Abbreviation: PVT, por-
tal vein thrombosis.
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Quality of Life

One in 3 patients in the MSC group required narcotics for long-
term pain relief, compared with 79% and 74% of the historical
controls at both 6 and 12 months, respectively. MSC patients
required much less morphine and equivalent at both time points
(Fig. 4A). MSC patients showed significantly higher physical QOL
with better pain relief at 6 months compared with controls (Fig.
4B, 4C). There were no differences in psychological QOL between
MSC and control patients (Fig. 4D).

DISCUSSION

Although limited in the number of patients treated, our pilot
study demonstrates for the first time that intrahepatic infusion of
autologous bone marrow-derived MSCs during islet transplanta-
tion may be safe and may have the potential to improve islet
engraftment, glycemic control, and quality of life. This work
extends the current paradigm of MSCs as an immune regulatory
factor and reveals important additional functions of MSCs in pro-
moting islet engraftment after transplantation in TP-IAT patients.

It seems that MSC infusion via the portal vein was safe and
well tolerated by our three islet transplant patients. Increasing
numbers of clinical trials are evaluating the therapeutic effects of
MSC in a wide range of diseases and conditions related to auto-
immune disorders, inflammatory diseases, and regenerative disor-
ders. Data from MSC-treated patients have demonstrated the
safety of this procedure [36]. Safety is particularly difficult to
assess following an operation with known major morbidity such
as pancreatectomy. Therefore, we relied on the independent
DSMB to adjudicate all events as related or not related to MSC
infusion. All AEs observed were determined as not related to MSC
infusion.

One of the common complications of islet transplantation is
PVT. The slowed portal vein flow by cellular occlusion is in part
responsible, and this complication may be related to the volume
of cells infused into the portal vein. It has been reported that
higher islet tissue volume is associated with higher portal pressure
and complications during autologous islet transplantation [37].
We also found that PVT occurrence is positively correlated with
islet pellet weight (Fig. 1) and hepatic pressure (Table 1). Because
Patients 2 and 3 in the MSC group had high pellet weights and

Figure 2. MSC patients have reduced insulin requirements and lower blood glucose levels after transplantation. (A): Schematic diagram of
MSC preparation, islet transplantation, data collection, and analysis. (B): Percentages of patients that were insulin-independent at preopera-
tive period (preop) and 6 months and 12 months after TP-IAT. (C): Daily insulin requirement of MSC (n 5 3) and control patients (n 5 101),
preop, postoperatively on days 1 (POD1), 2 (POD2), 3 (POD3), at discharge, and 6 Mo and 12 Mo after islet transplantation. Mean fasting
blood glucose levels (D), HbA1c (E), and C-peptide levels (F) at preoperative, 6-month, and 12-month visits. p values evaluated by Student’s t

tests and assumed unequal variances. Error bars represent standard errors. Abbreviations: CTR, historical patients; Mo, month; MSC, mesen-
chymal stem cell; NS, not significant; POD1, postoperatively on day 1; POD2, postoperatively on day 2; POD3, postoperatively on day 3; TP-
IAT, total pancreatectomy with islet autotransplantation.
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higher hepatic pressures during product infusion, they had higher

chance of PVT. In future studies, purification may be used to
reduce the total islet tissue volume and the complications it may

cause [37].Whether MSC infusion increases the chance of throm-
bosis is controversial since these cells are significantly smaller
than islets. However, microvascular obstruction after intracoro-

nary delivery has been described [38]. In addition, MSCs may
have innate procoagulant activity. One previous study showed
that cultured MSCs trigger an IBMIR when injected in a higher

dose (>1 3 106 per kg) [39]. Other studies indicate that local
MSC injection may restore a thrombosed vein by clot recanaliza-
tion and may stimulate angiogenesis [40]. Although studies have

shown that partial thrombosis did not affect islet function [41],
further studies with more patients are needed to exclude the pos-

sibility that MSC infusion increases the chance of thrombosis in
islet transplantation patients.

Another finding of this study is that MSC infusion improved
glycemic control in CP patients. Although we did not observe dif-
ferences in HbA1c and C-peptide levels, MSC patients required
less exogenous insulin and had lower blood glucose levels at 12
months. Tempering the enthusiasm is the heterogeneity of 6-
month MMTT responses that will need much larger cohorts to
define the correlates of islet cell survival and function.

Two potential mechanisms might have contributed to the
improvement in glycemic control. First, as suggested in the
nonhuman primate and mouse islet transplantation models,
MSC cotransplantation increased islet engraftment by inhibi-
tion of islet cell death and enhanced graft revascularization
after transplantation [27]. Second, infused MSCs increased

insulin sensitivity in IAT patients and therefore led to a better
glycemic control, as observed in mouse models of obesity and
diabetes [42]. In addition, MSC might also have played a role in
pain relief and therefore quality of life in this patient popula-
tion, as observed in other studies [43, 44]. Further studies are
needed to test this possibility.

In addition to the small cohort size, a major limitation of this
study is the large difference in islet number and islet numbers per
kg body weight transplanted between MSC patients and controls.
Several studies showed a positive correlation between high islet
cell yields and postoperative insulin independence [45, 46].When
initial yields are high, islets are subject to damage and loss during
and after transplantation.

There are still many unanswered questions that can be
resolved in further trials. The first is to determine an ideal number
of MSC needed for the islet transplant patients. Although the
large number and types of currently registered MSC clinical trials
highlight the safety and tolerability of MSCs infusions, the ideal
dosage of MSC for a certain disease is unknown. In graft versus
host disease trials, patients have been given intravenous doses of
100 3 106 cells/kg MSCs [47]. In Crohn’s disease, patients have
received intravenous infusions of allogeneic MSCs (2 3 106 cells/
kg body weight) weekly for 4 weeks [48]. In an allogeneic islet
transplantation model in the nonhuman primate, 5 3 106 MSCs
were mixed with 10,000–20,000 IEQ islets and cotransplanted
intraportally into recipients. The islet cell and MSC ratios ranged
from 3.7 to 13.4 [27]. The MSCs we used were autologous in
nature, delivered fresh, and not cryopreserved as in other studies.
By delivering autologous cells, we hoped to prolong MSC survival
in our patients and produce a better clinical response. Another

Figure 3. Results of MMTT at 6 months after islet transplantation in MSC patients (n 5 3) and controls (n 5 4). (A): Individual patient
responses in C-peptide to a MMTT during a 240 minutes after drinking the BOOST. Solid lines are from controls and dotted lines from MSC
patients. (B): Peak C-peptide level during an MMTT. (C): Mean C-peptide area under the curve from control and MSC patients. (D): MMSI at
240 mins after MMTT. Error bars represent standard errors, p values are from Student’s t test assuming unequal variances. Abbreviations:
AUC, area under the curve; CTR, historical patients; MMSI, mixed meal stimulation index; MMTT, mixed-meal tolerance test; MSC, mesenchy-
mal stem cell.
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benefit of delivering fresh cells is that they are more metabolically
active than those being thawed and infused at the bedside, and,
consequently, DMSO-associated side effects following infusion
would be absent.

The duration of MSC survival and ultimate differentiation
pathways remain unknown in humans. In the allogeneic nonhu-
man primate study, MSCs injected via the portal vein were
observed in the pancreas and lung of one monkey but not the
other at 1 month after cell infusion [27]. In lupus patients, the
beneficial effect of MSC lasted from 6 months to >2 years after
infusion of MSC [49]. In the future, it will be possible to study cell
trafficking by the infusion of labeled cells with cell tracer.

The mechanisms by which MSCs confer islet protection
also remain unknown. As shown in a nonhuman primate islet
transplantation model, the most probable mechanism is that
MSCs stay in proximity to islets at the time of transplantation
and provide vascularization and regenerative signals that con-
tribute to graft survival [27]. The local balance of the proin-
flammatory and anti-inflammatory microenvironment may be
altered, as is suggested in other diseases [50]. In addition,
MSCs cotransplanted with islets have the potential to differen-
tiate into insulin-secreting cells, because MSCs have high plas-
ticity. This has been shown in diabetic rat models in vitro and
in vivo [51, 52].

To the best of our knowledge, this is the first clinical trial
showing that intrahepatic cotransplantation of autologous MSCs
with islets improves glycemic control and quality of life of IAT
patients. Although only three patients have undergone this novel

treatment approach, we did observe improvements in MSC
patients compared with 101 matched historical patients.

CONCLUSION

Autologous MSC and islet cotransplantation may be a promising
approach to improve the success rates of autologous islet trans-
plantation and to enhance current autologous islet transplantation
protocols. The results of this pilot study show that cotransplanta-
tion of MSC with islets may be a safe and feasible strategy to
improve the efficacy of islet transplantation. This procedure can
also serve as a platform to solve more complex allogeneic islet
transplantation issues and treat patients with type 1 diabetes.
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