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OBJECTIVE

To determine long-term outcomes for islet-alone and islet-after-kidney transplantation
in adults with type 1 diabetes complicated by impaired awareness of hypoglycemia.

RESEARCH DESIGN AND METHODS

This was a prospective interventional and observational cohort study of islet-alone
(n = 48) and islet-after-kidney (n = 24) transplant recipients followed for up to 8 years
after intraportal infusion of one or more purified human pancreatic islet products un-
der standardized immunosuppression. Outcomes included duration of islet graft sur-
vival (stimulated C-peptide ‡0.3 ng/mL), on-target glycemic control (HbA1c <7.0%),
freedom from severe hypoglycemia, and insulin independence.

RESULTS

Of the 48 islet-alone and 24 islet-after-kidney transplantation recipients, 26 and
8 completed long-term follow-up with islet graft function, 15 and 7 withdrew
from follow-up with islet graft function, and 7 and 9 experienced islet graft fail-
ure, respectively. Actuarial islet graft survival at median and final follow-up was
84% and 56% for islet-alone and 69% and 49% for islet-after-kidney (P = 0.007)
with 77% and 49% of islet-alone and 57% and 35% of islet-after-kidney transplan-
tation recipients maintaining posttransplant HbA1c <7.0% (P = 0.0017); freedom
from severe hypoglycemia was maintained at >90% in both cohorts. Insulin inde-
pendence was achieved by 74% of islet-alone and islet-after-kidney transplanta-
tion recipients, with more than one-half maintaining insulin independence
during long-term follow-up. Kidney function remained stable during long-term
follow-up in both cohorts, and rates of sensitization against HLA were low. Severe
adverse events occurred at 0.31 per patient-year for islet-alone and 0.43 per pa-
tient-year for islet-after-kidney transplantation.

CONCLUSIONS

Islet transplantation results in durable islet graft survival permitting achievement
of glycemic targets in the absence of severe hypoglycemia for most appropriately
indicated recipients having impaired awareness of hypoglycemia, with acceptable
safety of added immunosuppression for both islet-alone and islet-after-kidney
transplantation.
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Type 1 diabetes is caused by autoimmune
destruction of pancreatic islet b-cells that
renders affected individuals dependent
on insulin administered by multiple daily
injections or continuous subcutaneous in-
fusion for survival. Despite increasing use
of new technologies such as continuous
glucose monitoring over the last decade,
only approximately one in five adults
with type 1 diabetes receiving specialized
diabetes care can achieve or maintain
glycosylated hemoglobin (HbA1c) <7.0%
(53 mmol/mol), recommended for preven-
tion and mitigation of vascular complications
of diabetes (1). Moreover, �7% of adults
with type 1 diabetes report experiencing
a severe hypoglycemia episode resulting
in seizure or loss of consciousness in the
previous 3 months, irrespective of the
level of HbA1c (1). The Clinical Islet Trans-
plantation (CIT) Consortium designed two
pivotal trials registered with the U.S. Food
and Drug Administration of a purified hu-
man pancreatic islet (PHPI) product for
treatment of individuals with type 1 dia-
betes experiencing severe hypoglycemia
(2) or already receiving immunosuppres-
sion following a previous kidney trans-
plant (3). Both trials of islet-alone and
islet-after-kidney transplantation met their
criteria for safety and efficacy over the
initial 2- and 3-year planned follow-up,
respectively, including achievement and
maintenance of a composite outcome of
HbA1c <7.0% in the absence of severe hy-
poglycemia episodes by most islet trans-
plant recipients. Uncertainty remains over
the long-term effectiveness of islet trans-
plantation and concerning the long-term
safety of chronic immunosuppression on
renal function. There are also concerns re-
lated to possible sensitization of islet re-
cipients to donor HLA that could limit
availability of compatible organs should a
future transplant be required. The objec-
tive of the current study was to determine
the duration of sustained islet graft
function assessed according to mixed-
meal tolerance test (MMTT)-stimulated
C-peptide, glycemic control (HbA1c and
severe hypoglycemia events), and insulin
requirements, consistent with consensus
recommendations for defining islet graft
function (4), as well as renal function,
the development of donor-specific allo-
antibodies, cardiovascular events, and
serious adverse events (SAEs) over up
to 8 years of posttransplant follow-up.

RESEARCH DESIGN AND METHODS

Study Design
The CIT Consortium conducted a longi-
tudinal cohort study to provide ex-
tended follow-up after receipt of a PHPI
product for up to 8 years (extended fol-
low-up study protocol in Supplementary
Material, Section 2). The local institu-
tional review boards of each participating
consortium center approved the study
protocol. Participants provided written
informed consent prior to study entry.

Participants
All participants who completed the U.S.
Food and Drug Administration–registered
phase 3 CIT Consortium islet-alone (n =
48) (CIT-07) (2) or islet-after-kidney (n =
24) (CIT-06) (3) transplantation studies
with continued PHPI graft function were
invited to enroll in the extended follow-
up study (CIT-08). Subjects who partici-
pated in phase 2 CIT Consortium islet-
alone studies (CIT-02, CIT-03, CIT-04, or
CIT-05) could also enroll in CIT-08 but
were not included in the long-term analy-
sis of the phase 3 studies. Enrollment oc-
curred between 2010, when the first
PHPI recipient completed 2 years of fol-
low-up in the islet-alone trial, and 2017,
when the last PHPI recipient completed
3 years of follow-up in the islet-after-kidney
trial and the CIT Consortium program
ended. All subjects had documented his-
tories (2,3) of impaired awareness of hy-
poglycemia and had experienced severe
hypoglycemia episodes before PHPI trans-
plantation. Subjects were excluded for in-
tent to procreate, unwillingness to use
effective contraceptive measures, or re-
ceipt of an islet or pancreas transplant
outside a CIT Consortium study.

Intervention
Each subject received an initial intraportal
infusion of a PHPI product containing
$5,000 islet equivalents (IEQ)/kg body wt
of recipient manufactured from a single
deceased donor pancreas as previously
described (5). Individuals who remained
insulin dependent after 75 (islet-alone) or
30 (islet-after-kidney) days from receiving
an initial PHPI product could receive one
or two additional PHPI products each
containing $4,000 IEQ/kg body wt within
240 days of the initial transplant. For im-
munosuppression we followed the meth-
odology first described by Hering et al. (6)
for islet-alone transplants, modified for

islet-after-kidney transplants to allow
substitution of mycophenolate mofetil
for sirolimus and cyclosporine for tacro-
limus if already used for the kidney
transplant.

Measurements and Procedures

Primary Outcome

The primary outcome was the duration of
sustained islet graft function defined pro-
spectively as fasting or MMTT-stimulated
serum C-peptide$0.3 ng/mL (0.1 pmol/mL,
assay sensitivity 0.05 ng/mL) at 60 or
90 min following a standardized liquid
meal (6 mL/kg up to 360 mL BOOST
High Protein). Fasting C-peptide was as-
sessed monthly during the 1st year
posttransplant, quarterly until year 2 in
the islet-alone study (2), and until year 3
in the islet-after-kidney study (3) and
then yearly during extended follow-up.
MMTTs were performed at posttrans-
plant months 2.5, 6, 9, and 12 and then
biannually until year 2 in the islet-alone
study; quarterly until year 3 in the islet-
after-kidney study; and yearly in both
studies during extended follow-up. If any
fasting C-peptide value was <0.3 ng/mL,
a MMTT was performed to confirm PHPI
functional status; if this was not available
the islet graft was considered to have
failed. All C-peptide levels were mea-
sured centrally. Because subjects entered
CIT-08 at variable times from their first
islet infusion depending on whether a
subsequent islet infusion was performed
and whether their primary study follow-up
was planned for 2 (CIT-07) or 3 (CIT-06)
years, duration of exposure was from
the day of initial PHPI transplant to the
day of islet graft failure or the day of
completion of participation in both the
primary and long-term CIT Consortium
studies without islet graft failure.

Secondary Outcomes

Maintenance of glycemic control was as-
sessed as the duration of HbA1c <7.0%
(7) or #6.5% (48 mmol/mol) (8). HbA1c
was measured centrally every 3 months
until year 2 in the islet-alone study and
until year 3 in the islet-after-kidney study
and then yearly during extended follow-
up. Loss of glycemic control was defined
post hoc as the day on and following
which no HbA1c met the above criteria,
the day of PHPI graft failure, or the end
of CIT Consortium study participation.
Episodes of severe hypoglycemia involved
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neuroglycopenic symptoms requiring third
party assistance associated with blood
glucose level <54 mg/dL (<3.0 mmol/L)
or prompt recovery after oral carbohy-
drate, intravenous glucose, or glucagon
administration (9). The duration of free-
dom from severe hypoglycemia was
assessed starting on day 28 following
initial PHPI transplant (to permit adjust-
ment of insulin dosing post–initial PHPI
transplant) until the earliest of the first
subsequent severe hypoglycemia episode,
PHPI graft failure, or the end of CIT
Consortium study participation. Severe
hypoglycemia episodes were considered
reportable events captured and entered
as soon as possible via a specific elec-
tronic case report form.
Insulin use was recorded daily and re-

ported at each study visit. Insulin inde-
pendence was defined post hoc as more
than seven consecutive days of no insulin
use (10) with HbA1c <7.0% at the most
recent and/or subsequent assessment
starting from the initial PHPI transplant.
Temporary use of insulin to maintain
normoglycemia and protect transplanted
islets from metabolic exhaustion during
illness or physiologic stress (11) for up
to six consecutive days was permitted.
Evaluation of insulin independence was
censored at the earlier of PHPI graft fail-
ure or the end of CIT Consortium study
participation.

Safety Outcomes

Evaluation of safety outcomes was ex-
tended to the end of subject treatment
in CIT and up to 30 days following PHPI
graft failure. Adverse events (AEs) occur-
ring during the first 2 years in the islet-
alone and 3 years in the islet-after-kidney
study have been reported (2,3). AEs re-
porting during extended follow-up were
limited to SAEs, severe hypoglycemia, re-
nal insufficiency, hepatic cirrhosis, malig-
nancy, and major adverse cardiovascular
events. Renal function was assessed with
the estimated glomerular filtration rate
(eGFR) derived from serum creatinine with
the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation (12).
Creatinine was measured centrally every
month during the 1st year posttrans-
plant, quarterly until year 2 in the islet-
alone study (2), and until year 3 in the
islet-after-kidney study (3) and then yearly
during extended follow-up. Donor-specific
alloantibodies were assessed centrally
with at least two different Luminex bead

assays including Luminex single antigen
bead assays at posttransplant months 2.5,
6, 9, and 12; biannually until year 2 in the
islet-alone study; quarterly until year 2;
and then biannually until year 3 in the
islet-after-kidney study and 3 months
after islet graft failure (and for islet-
alone subjects, tapering of immunosup-
pression) during extended follow-up.

Statistical Analyses
Total PHPI dose and tacrolimus levels
were log transformed, and HbA1c values
underwent a Box-Cox transformation,
to improve normality. For time-to-event
outcome comparisons between islet-
alone and islet-after-kidney subjects we
used Kaplan-Meier (univariate) and pro-
portional hazards (multivariate) methods.
To avoid “immortal bias,” in survival anal-
yses we treated total IEQ/kg body wt
dose as a time-dependent covariate. The
relationships of tacrolimus trough con-
centrations and HbA1c values with graft
outcome were analyzed with Bayesian
joint analysis (13). The median subject
HbA1c over follow-up time was mod-
eled by Bayesian joint analysis followed
by prediction of subject-specific longi-
tudinal trajectory (13). A semi-Markov
model was constructed (14) to calcu-
late the fraction of subjects in one of
four states over the follow-up period:
not yet insulin independent, insulin in-
dependent, functioning graft/resumed
daily insulin, or islet graft failure. Renal
function was assessed with eGFR over
two time periods: change of eGFR from
pretransplant to 1 year following the first
PHPI transplant, reflecting the impact of
the transplant procedures and initiation
(or adjustments for islet-after-kidney) of
immunosuppression, and the subsequent
slope of eGFR after the 1st year. Further
details of analytic and statistical methods
are presented in relevant sections of
Supplementary Material.

RESULTS

Participants
A total of 72 subjects, 48 with islet-alone
and 24 islet-after-kidney transplantation,
received one (n = 33 [46%]), two (n = 36
[50%]), or three (n = 3 [4%]) intraportal
infusions of a PHPI product in the course
of the primary phase 3 studies (2,3).
Forty-two subjects entered the extended
follow-up study (34 islet-alone and 8
islet-after-kidney), a median of 876 days

(range 721–2,035) for islet-alone and
1,168 days (1,087–1,208) for islet-after-
kidney following initial islet infusion.
Two additional islet-after-kidney subjects
completed the 3 years of follow-up in
their primary study in 2017 simultaneously
with completion of the entire CIT Con-
sortium program (Fig. 1, Consolidated
Standards of Reporting Trials [CONSORT]
diagram).

Baseline and pre–PHPI transplant co-
variates were similar between the co-
horts of islet-alone and islet-after-kidney
transplantation recipients except for mar-
ginally longer diabetes duration, higher
HbA1c, and lower eGFR in the islet-after-
kidney group (Table 1). There was no dif-
ference in baseline insulin requirement
or PHPI dose administered between the
cohorts. There was also no difference be-
tween the study cohorts in the number
of islet infusions or time between first
and second infusions for those receiving
more than one islet infusion. Trough levels
of tacrolimus were lower in islet-alone
participants, who all initially received
low-dose tacrolimus and sirolimus (15),
than in islet-after-kidney participants,
who more frequently received standard
dose tacrolimus with mycophenolic acid
(21 of 24 [87.5%]).

A total of 16 subjects (22%) experi-
enced islet graft failure, 7 islet-alone and
9 islet-after-kidney, during participation
in the primary studies or the extended
follow-up study. Twenty-two subjects
(31%) withdrew participation with con-
tinued islet graft function (15 islet-alone
and 7 islet-after-kidney). Supplementary
Table 3.1 lists reasons for subject with-
drawal and subjects’ final C-peptide and
HbA1c measures and insulin requirement
and total time in follow-up. Thirty-four
subjects (47% [26 islet-alone and 8 islet-
after-kidney]) completed the CIT Consor-
tium program with islet graft function
confirmed at closeout visits.

Primary Outcome
Islet-alone transplantation recipients had
56% actuarial survival of islet graft func-
tion at their maximum follow-up time of
8.3 years, while islet-after-kidney recipi-
ents had 49% actuarial survival at their
maximum follow-up time of 7.3 years
(P = 0.004) (Fig. 2A). A sensitivity analysis
of the primary outcome imputing failure
at the time of exit from follow-up (rather
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than censoring) of eight subjects who
exited because of an AE (four subjects),
noncompliance, poor graft function (two
subjects), or loss to follow-up demon-
strated similar results (Supplementary
Fig. 3.1; details in Supplementary Material,
Section 3). The models of evolution of
fasting and post-MMTT simulated C-peptide
levels revealed robust and sustained
C-peptide levels in both islet-alone and
islet-after-kidney subjects (Supplementary
Fig. 4.1 and Supplementary Fig. 4.2; details
in Supplemental Material, Section 4).

Bivariate proportional hazards analysis
of the baseline and treatment covariates
together with the CIT Consortium study
cohort showed no significant correlations
of the covariates with islet graft survival,
and no covariate meaningfully attenu-
ated the islet graft survival difference be-
tween islet-alone and islet-after-kidney
recipients. Joint analysis (13) of the

impact of time-dependent tacrolimus
trough levels on islet graft survival also
showed no significant relationship be-
tween tacrolimus exposure and islet graft
survival and no attenuation of the differ-
ence in outcomes between the islet
transplant study groups (details in Supple-
mental Material, Section 5).

Secondary Outcomes
Glycemic control assessed as HbA1c <7.0%
or#6.5% together with absence of severe
hypoglycemia served as the primary
outcomes at 1 year following initial PHPI
transplant in the primary studies (2,3). In
fact, at the time of the first HbA1c mea-
surement at day 75 following the initial
PHPI transplant, 42 of 48 (87.5%) of islet-
alone and 17 of 24 (71%) of islet-after-
kidney transplantation recipients already
had achieved HbA1c <7.0% and 41 of
48 (85%) of islet-alone and 13 of 24 (54%)

of islet-after-kidney recipients had HbA1c
#6.5%. Throughout follow-up, 49% of
islet-alone recipients maintained function-
ing grafts with HbA1c <7.0% (Fig. 2B), but
none had levels #6.5% at the end of
maximal follow-up at 8.3 years (Fig. 2C).
For islet-after-kidney recipients, 35% main-
tained islet graft function with HbA1c

<7.0% (P = 0.0017 vs. islet-alone) and
17% with HbA1c #6.5% (P < 0.0001 vs.
islet-alone) at the end of maximal follow-
up at 7.3 years.With use of Bayesian joint
analysis (13), the modeled evolution of
HbA1c in the islet-alone and islet-after-
kidney study cohorts demonstrated an
initial decline from medians of 7.4% and
7.9% to 5.7% and 6.0%, respectively,
that gradually rose to 6.7% and 7.8%
over 8 years (Fig. 2D). Thus, the projected
median benefit of PHPI transplantation
for glycemic control lasts >8 years for
both islet-alone and islet-after-kidney
recipients.

A total of 12 severe hypoglycemia
episodes occurred in five subjects (7%
[3 islet-alone and 2 islet-after-kidney])
over the course of the primary studies.
There were no additional severe hypo-
glycemia episodes during the long-term
follow-up study in any subject with islet
graft function (Fig. 3A).

A total of 53 subjects (74% [37 of
48 islet-alone and 16 of 24 islet-after-
kidney]) achieved a period of insulin
independence with HbA1c maintained at
<7.0%, with no difference in the pro-
portion or time to outcome between
the study cohorts (Fig. 3B). The range of
time to achieve insulin independence
(between 36 and 481 days) reflects indi-
viduals who became insulin independent
after one (n = 20 [37.66%]), two (n = 30
[56.66%]), or three (n = 3 [5.66%]) PHPI
infusions. Eleven subjects without insulin
independence were not able to receive
a subsequent islet infusion within the
protocol-defined interval of 240 days
from the initial transplant and so may
have been underdosed for achievement
of this outcome. Of the subjects who
achieved insulin independence, thirty (57%)
remained insulin independent throughout
their duration of follow-up (20 of 37 islet-
alone and 10 of 16 islet-after-kidney), with
no difference in the duration of insulin
independence observed between the
study cohorts (Fig. 3C). Among those who
achieved insulin independence at any
time, 44% are projected to remain insulin
independent for up to 8 years.

Figure 1—CONSORT diagram.Withdrew, subjects withdrawing with continued function.
*Further information can be found in Supplementary Material, Section 3.
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Figure 3D shows the proportions of
subjects posttransplant as estimated with
semi-Markov modeling (14) to be in each
of four states (not yet insulin indepen-
dent, insulin independent, functioning
graft/resumed daily insulin, or islet graft
failure). Additional methods, daily insulin
dose, and HbA1c levels for states 1–3 are
given in Supplementary Material, Section 6.

Safety Outcomes
PHPI transplants were generally well toler-
ated. There were no deaths during post-
transplant follow-up. There were 104 SAEs
(islet-alone, 71 over 226 patient-years
[0.31/patient-year]; islet-after-kidney, 33
over 77 patient-years [0.43/patient-year])
among 43 of 72 subjects (60% [islet-
alone, 28 of 48; islet-after-kidney, 15 of
24) over 303 years of total post-PHPI
transplant follow-up in the primary and
long-term follow-up studies (Supplementary
Material, Section 7). Of these, 65 occurred
during the primary islet-alone and islet-
after-kidney trials, 36 within 101 patient-
years for islet-alone (0.36/patient-year)
and 29 within 66 patient-years for islet-
after-kidney (0.44/patient-year), and were
previously reported (2,3). An additional

39 SAEs occurred during the long-term
follow-up CIT-08 study (islet-alone, 35 dur-
ing 125 patient-years [0.28/patient-year];
islet-after-kidney, 4 during 11 patient-years
[0.36/patient-year]) among 16 subjects
(islet-alone, 14; islet-after-kidney, 2). One
SAE during the long-term follow-up was
related to islet infusion: an episode of se-
vere abdominal pain from late migration
of an embolization coil requiring surgical
removal. Eleven were possibly related to
immunosuppression: six posttransplant
infections including one also with febrile
leukopenia, one acute kidney injury, one
hyperkalemia, one newly diagnosed lung
cancer, and one episode of leukopenia in
an islet-after-kidney subject remaining on
immunosuppression in support of the kid-
ney graft following PHPI graft failure. The
other 27 long-term follow-up study SAEs
were judged to be unrelated to study
procedures. All SAEs except the lung can-
cer resolved with treatment, and none
required accelerated reporting.

SAEs of Special Interest
Five malignancies were diagnosed in
four subjects during total posttransplant
follow-up in the primary and long-term

studies, including one each with lung
(above), breast, prostate, and small intes-
tine carcinoma associated with celiac dis-
ease. This latter islet-after-kidney subject
had resection of a posttransplant lympho-
proliferative lesion identified at admission
for and prior to PHPI transplant, therefore
related to the prior kidney transplant.
There were only two major adverse car-
diovascular events during the 319 subject
years of post-PHPI transplant follow-up:
a cerebellar thrombosis stabilized follow-
ing revascularization and a resuscitated
cardiac arrest in a subject during an un-
related SAE 290 days following PHPI graft
failure and return to insulin. There were
no major pre- to posttransplant changes
in cardiovascular risk factors (details in
Supplemental Material, Section 8).

eGFR declined by 6.9 mL/min/1.73 m2

during the 1st year posttransplant in the
islet-alone and by only 0.7 mL/min/1.73 m2

in the islet-after-kidney cohort (Table 2).
Over longer-term follow-up from the 1st
to up to 8 years, the slope of eGFR was
only �1.27 mL/min/1.73 m2/year in the
islet-alone cohort and was in fact positive
in the islet-after-kidney cohort (Table 2).
Further details of renal function methods
and results are given in Supplementary
Material, Section 9.

A list of islet donor–specific alloanti-
bodies that appeared during the primary
studies and affected 2 of 48 islet-alone
and 5 of 24 islet-after-kidney recipients (2,3)
is presented in Supplementary Material,
Section 10. One additional islet-alone
recipient developed islet donor–specific
alloantibodies at 3 years, with islet graft
failure occurring 5 years following initial
PHPI transplant. One islet-alone subject
developed islet donor–specific alloanti-
bodies following graft failure and cessa-
tion of immunosuppression. There were no
additional de novo islet or kidney donor–
specific alloantibodies in islet-after-kidney
recipients during extended follow-up and
no episodes of kidney rejection in any
of the islet-after-kidney recipients.

CONCLUSIONS

Transplantation of a standardized PHPI
product by portal vein infusion in individ-
uals with type 1 diabetes complicated
by severe hypoglycemia resulted in sus-
tained islet graft survival in >80% of
islet-alone and �50% of islet-after-kidney
transplantation recipients at the median
follow-up of 6 years posttransplant. A

Table 1—Baseline, pre–PHPI transplant, and treatment covariates and subject
disposition by CIT Consortium study

Islet-alone
transplantation

(n = 48)

Islet-after-kidney
transplantation

(n = 24) P

Baseline covariates
Sex (n female/n male) 29/19 11/13 0.36
Age (years) 47.8 ± 11.5 51.8 ± 11.1 0.17
Weight (kg) 71.9 ± 13.7 69.4 ± 8.8 0.35
BMI (kg/m2) 24.9 ± 3.1 24.6 ± 3.1 0.64
Diabetes duration (years) 31.5 ± 11.0 37.0 ± 10.0 0.04

Pre–PHPI transplant covariates*

Daily insulin (units/day) 33.6 ± 11.1 36.0 ± 12.2 0.43
Daily insulin/kg (units/kg/day) 0.47 ± 0.14 0.51 ± 0.14 0.32
eGFR (mL/min/1.73 m2) 100.3 ± 14.2 75.8 ± 19.3 <0.001
HbA1c (mmol/mol) 57.3 ± 9.9 63.0 ± 13.0 0.06
HbA1c (%) 7.39 ± 0.91 7.92 ± 1.19 0.06
HbA1c <7.0%, n (%) 18 (38) 5 (21)
HbA1c #6.5%, n (%) 8 (17) 3 (13)

Treatment covariates

Total IEQ/kg body wt of recipient† 11,278 ± 3,935 12,585 ± 6,191 0.77
Mean tacrolimus trough (ng/mL)† 6.17 ± 1.53 7.63 ± 2.00 0.01

Median follow-up and subject disposition

Median follow-up (months) 65.8 39.3
Failed 7 9
Withdrew with function 15 7
Completed with function 26 8

Data are means ± SD unless otherwise indicated. *Values obtained during the subject’s time on
the islet transplant waiting list while on intensive insulin therapy. †IEQ/kg body wt and tacrolimus
were log transformed for t tests. IEQ/kg body wt was entered as a time-dependent covariate.
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greater proportion of islet-alone com-
pared with islet-after-kidney recipients
maintained HbA1c <7.0 and #6.5%,
while in both study cohorts >90% were
free from severe hypoglycemia episodes
posttransplant. Insulin independence was
achieved by �75% of recipients in both
studies, with more than one-half of these
maintaining insulin independence during
long-term follow-up. The up to 8 years’
worth of prospective posttransplant
follow-up reported here provides robust
long-term estimates for anticipated

duration of both insulin freedom and
islet graft survival. While the loss to
follow-up of subjects with graft failure
or early withdrawal may bias the con-
clusion about the fraction of subjects
with long-term islet graft survival/func-
tion, results of a sensitivity analysis with
imputation of graft failure rather than
censoring at the end of follow-up for
those subjects who withdrew for AEs,
with marginal islet graft function, or for
unknown reasons are similar to those
of the primary analysis. Importantly, islet

graft survival is associated with the
maintenance of recommended glycemic
targets without severe hypoglycemia (4)
that was problematic for all recipients
prior to transplantation.

There was a meaningful difference in
the duration of islet graft survival and
maintenance of glycemic control between
the islet-alone and islet-after-kidney study
cohorts. In this study we cannot deter-
mine whether baseline metabolic differ-
ences in individuals with type 1 diabetes
and preserved versus replaced kidney

Figure 2—Persistence of islet graft function and HbA1c control by cohort. Red lines, islet-alone transplantation (IA) recipients; blue lines, islet-after-kidney
transplantation (IAK) recipients. Time 0 for all panels was the day of first PHPI transplant. Fraction of subjects with continued PHPI graft function by C-peptide
criterion at median and final follow-up: islet-alone, 0.84 and 0.56, respectively; islet-after-kidney, 0.69 and 0.49) (A). Fraction of subjects with continued HbA1c
<7% (American Diabetes Association criterion) at median and final follow-up: islet-alone, 0.77 and 0.49; islet-after-kidney, 0.57 and 0.35) (B). Fraction of sub-
jects with continued HbA1c#6.5% (American Association of Clinical Endocrinologists criterion) at median and final follow-up: islet-alone, 0.73 and 0.00; islet-
after-kidney, 0.59 and 0.17) (C). D: Median HbA1c at baseline and modeled median HbA1c by years following initial PHPI transplant.
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function or the initial use of the mTOR
inhibitor sirolimus with the calcineurin in-
hibitor tacrolimus in the islet-alone cohort
versus ongoing mycophenolic acid use
with higher-dose tacrolimus in the islet-
after-kidney cohort might explain these
differences. In a single-center prospective
cohort study of islet-alone and islet-after-
kidney transplantation under sirolimus
and tacrolimus maintenance of immuno-
suppression (16), investigators reported
similar long-term islet graft survival and

metabolic control in both groups, similar
to those reported here for islet-alone re-
cipients, suggesting a possible metabolic
or immunologic benefit to sirolimus use
in the setting of islet transplantation.

In the prospective cohort study re-
ported by Vantyghem et al. (16), all
28 recipients received islets isolated from
two or three donor pancreases, whereas
33 of 72 subjects reported here received
islets isolated from a single donor pan-
creas. The similar long-term islet graft

survival and metabolic control observed
in both studies when sirolimus was ini-
tially used in combination with tacroli-
mus suggests that more efficient islet
engraftment and survival was achieved
in the CIT Consortium trials. This may
be explained by use of the Edmonton
protocol for induction of immunosup-
pression by Vantyghem et al. (16) ver-
sus the combination of T cell depletion
using thymoglobulin and TNFa inhibi-
tion using etanercept for induction

Figure 3—Freedom from severe hypoglycemia and insulin requirements for islet transplant recipients. A–C: Red lines, islet-alone (IA) recipients;
blue lines, islet-after-kidney (IAK) recipients. Fraction of subjects remaining free from severe hypoglycemia following initial PHPI transplant at both
median and final follow-up: islet-alone, 0.90; islet-after kidney, 0.93 (A). B: Fraction of subjects achieving insulin independence following initial
PHPI transplant. C: Fraction of subjects remaining insulin independent following achievement of insulin independence. D: Fraction of subjects in
each of four states following initial PHPI transplant: functioning graft, not yet insulin independent; functioning graft, insulin independent; function-
ing graft, resumed daily insulin; and failed graft. Additional information about insulin use and glucose control at each state, 1–3, can be found in
Supplementary Material, Section 6.
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immunosuppression in the CIT Consortium
(2,3). One CIT Consortium site demon-
strated achievement of significantly greater
b-cell secretory capacity, a measure of
engrafted islet b-cell mass, in subjects
from the islet-alone CIT Consortium trial
reported here compared with previous
subjects transplanted under the Edmon-
ton protocol (17). This evidence of more
efficient islet engraftment and survival
likely explains the higher rate of insulin
independence, even with use of a single
islet donor, in the CIT Consortium trials
compared with results reported with the
Edmonton protocol (18) or T cell deple-
tion without TNFa inhibition (19).

Transplantation of the PHPI product
was generally well tolerated, as previously
reported (2,3), with few related problems
developing during the extended follow-up
and a remarkably low rate of major ad-
verse cardiovascular events. The initial de-
cline in eGFR observed in the islet-alone
cohort is expected following the initiation
of calcineurin inhibitor–based immuno-
suppression that can induce glomerular
afferent arteriole vasoconstriction (20) but
may also reflect reduced glomerular
hyperfiltration with normalization of
glycemia, since eligible islet-alone partici-
pants had rather high baseline eGFR
(mean 100 mL/min/1.73 m2). Renal func-
tion remained stable during long-term
follow-up and especially in the islet-after-
kidney cohort where eGFR appears to
have improved over time. The stability
of kidney function following islet trans-
plantation is consistent with other re-
ports involving smaller cohorts of islet-
alone (16,21) and islet-after-kidney (16)
recipients. There were no episodes of
kidney transplant rejection, and the rate
of sensitization to islet donor–specific
alloantibodies remained low during

extended follow-up and was lower than
that reported for pancreas transplanta-
tion (22,23).

This study has several limitations in-
cluding the nonrandomized design of the
primary trials. Inclusion of a randomized
control group was not feasible due to
the availability of clinically reimbursed
pancreas-alone and pancreas-after-kidney
transplantation outside of the CIT Consor-
tium. Withholding access to an alterna-
tively available form of b-cell replacement
as recommended in current guidelines
(24) would be unethical. Indeed, increased
hypoglycemia mortality has been reported
in individuals referred for but not receiving
islet transplantation (25), while islet trans-
plant recipients followed for 20 years have
demonstrated high rates of survival (26).
The results of one randomized trial of
islet transplantation versus intensive in-
sulin therapy confirmed the metabolic
control benefits of islet transplantation
over a period limited to 6 months, after
which those initially assigned to intensive
insulin therapy underwent islet transplan-
tation. However, one patient initially as-
signed to intensive insulin therapy died of
hypoglycemia while waiting for an islet
transplant (27).

The withdrawal of subjects prior to
study end or islet graft failure raises the
possibility of indication bias. Four sub-
jects ended participation in CIT prior to
its completion in 2017 following AEs.
Eighteen elected to end participation
early, nine of whom had access to clini-
cal care in the Canadian Health System
where islet transplantation is approved.
Results of a sensitivity analysis suggested
that the impact of bias was small. Fi-
nally, participants were only followed
for 3 months following islet graft failure.
It is possible that additional islet-alone

subjects may have been sensitized to
islet donor HLA later following discon-
tinuation of immunosuppression (28).

In conclusion, islet transplantation can
result in long-term achievement of glyce-
mic targets in the absence of severe
hypoglycemia for many recipients with
type 1 diabetes and impaired awareness
of hypoglycemia. Glycemic control and
islet graft survival may be superior with
islet-alone than with islet-after-kidney
transplantation, although in both groups
>50% of those who achieved insulin in-
dependence remained insulin free after
5 years. In balancing the long-term risk
of the required immunosuppression with
the metabolic benefit of a PHPI trans-
plant, the added risk is less for individu-
als already receiving maintenance of
immunosuppression in support of a kid-
ney transplant, and despite the use of
induction immunosuppression in both
cohorts, incidence and types of malig-
nancy were not different than expected
for this age-group. These results support
the consideration of islet transplantation
as a less invasive alternative to existing
pancreas-alone and pancreas-after-kidney
transplantation (24) in appropriate indi-
viduals with type 1 diabetes.
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