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Abstract

Allogeneic islet transplant offers a minimally invasive option for β cell replacement in the 

treatment of type 1 diabetes (T1D). The CIT consortium trial of purified human pancreatic 

islets (PHPI) in patients with T1D after kidney transplant (CIT06), a National Institutes of Health–

sponsored phase 3, prospective, open-label, single-arm pivotal trial of PHPI, was conducted in 

24 patients with impaired awareness of hypoglycemia while receiving intensive insulin therapy. 

PHPI were manufactured using standardized processes. PHPI transplantation was effective with 

62.5% of patients achieving the primary endpoint of freedom from severe hypoglycemic events 

and HbA1c ≤ 6.5% or reduced by ≥ 1 percentage point at 1 year posttransplant. Median HbA1c 

declined from 8.1% before to 6.0% at 1 year and 6.3% at 2 and 3 years following transplant (P 
< .001 for all vs baseline), with related improvements in hypoglycemia awareness and glucose 

variability. The improved metabolic control was associated with better health-related and diabetes-

related quality of life. The procedure was safe and kidney allograft function remained stable 

after 3 years. These results add to evidence establishing allogeneic islet transplant as a safe and 

effective treatment for patients with T1D and unstable glucose control despite intensive insulin 

treatment, supporting the indication for PHPI in the post–renal transplant setting.

Keywords

basic (laboratory) research/science; clinical research/practice; diabetes; diabetes: type 1; islet 
transplantation
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1 ∣ INTRODUCTION

The National Institutes of Health (NIH)-sponsored Clinical Islet Transplantation (CIT) 

Consortium reported a phase 3 pivotal trial of purified human pancreatic islets (PHPI) 

for allogeneic pancreatic islet transplant in patients with type 1 diabetes (T1D) with 

normal renal function complicated by severe hypoglycemia (Protocol CIT07).1 The study 

used a standardized manufacturing protocol of PHPI 2 and stringently selected patients 

with impaired awareness of hypoglycemia (IAH) experiencing severe hypoglycemic events 

(SHEs). The results provide convincing evidence of the safety and efficacy of PHPI 

transplant for patients with T1D and problematic hypoglycemia3; 88% of patients achieved 

the primary endpoint of on-target glycemic control (HbA1c < 7.0%) in the absence of SHE 

during the first year posttransplant.1

Herein we report a parallel phase 3 pivotal trial of PHPI transplant conducted by the CIT 

Consortium in patients with T1D after kidney transplant (Protocol CIT06). Islet after kidney 

(IAK) transplant represents a separate indication for islet transplant because of its unique 

risk: benefit considerations due to a preexisting requirement for immunosuppression to 

prevent kidney transplant rejection. In islet alone transplant, the major risks are related to de 

novo exposure to induction and maintenance immunosuppression, whereas in IAK transplant 

the immunosuppressive risk is limited to induction therapy.

CIT06 corroborates the results of CIT07 regarding the safety and efficacy of PHPI transplant 

and extends the results to kidney transplant recipients, who were followed for 3 years after 

transplant. CIT06 PHPI recipients experienced marked improvement in glycemic control, 

freedom from SHEs, resolution of IAH, and clear improvements in quality of life (QOL), 

without detriment to kidney graft function. Since kidney transplant recipients have reduced 

glomerular filtration rates (GFR), preservation of kidney function is of utmost importance. 

Collectively, these results provide further evidence of the value of allogeneic islet transplant 

for treatment of patients with T1D inadequately controlled with intensive insulin treatment.

2 ∣ RESEARCH DESIGN AND METHODS

2.1 ∣ Study oversight

Because islet transplants are regulated by the FDA as a drug, this product was evaluated 

in a phase 3 trial under a US Investigational New Drug (IND) application and a Drug 

Master File for PHPI in compliance with the Declaration of Helsinki and in accordance 

with the principles of Good Clinical Practice for Trials on Medicinal Products, as described 

in the US CFR 21 CFR Parts 45, 50, 56, and 312, and the International Conference on 

Harmonization “Guidance for Industry: E6 Good Clinical Practice: Consolidated Guidance” 

dated April 1996. Clinical and manufacturing protocols, endpoints, and the statistical 

analysis plan were developed by the CIT Consortium with guidance from the Food and Drug 

Administration (FDA). The study was approved by local institutional review boards and 

was overseen by an independent National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK)-sponsored Data Safety Monitoring Board. SAEs were reviewed by site 

physicians, the Data Coordinating Center at the University of Iowa, and the NIDDK and 

National Institute of Allergy and Infectious Diseases (NIAID) medical monitors, who made 
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the final determination of seriousness and attribution. All authors confirm the completeness 

and accuracy of the data and fidelity to the study protocol.

2.2 ∣ Study design and outcome measures

This pivotal phase 3, prospective, open-label, single-arm study involving subjects with 

T1D who had previously received a kidney transplant was conducted at 10 centers in 

North America. The single-arm trial design derived from a lack of feasibility to conduct a 

randomized controlled study comparing islet transplant with intensive insulin treatment in 

subjects with T1D and a kidney transplant, the extremely low likelihood that individuals 

meeting the study entry criteria could spontaneously achieve the primary endpoint (defined 

later), and the FDA guidance that a single-arm islet transplant trial would be an acceptable 

license-enabling study.4,5 The primary endpoint was achieving an HbA1c level of ≤6.5% (48 

mmol/mol), the glycemic goal recommended by the American College of Endocrinology,6,7 

at day 365, or a reduction in HbA1c of at least 1 point from baseline to day 365, and 

freedom from SHEs from day 28 to day 365 after the initial islet transplant. This endpoint 

was chosen to reflect the effectiveness of this therapy specifically for treating IAH and 

associated SHEs. Key secondary endpoints included achieving an HbA1c level of <7.0% (53 

mmol/mol), the target recommended by the American Diabetes Association,8 at day 365 

and freedom from SHEs from day 28 to day 365, individual components of the composite 

endpoints, and insulin independence (see Appendix S2). Other efficacy outcomes included 

assessment of IAH (Clarke score9), hypoglycemia severity (HYPO score10,11), glycemic 

lability (lability index [LI]10,11), mean amplitude of glycemic excursions (MAGE12), and 

72-h glucose profiles by use of a continuous glucose monitoring (CGM) system (iPro® 

CGMS; Medtronic Minimed11). Safety outcomes included the incidence of serious adverse 

events (SAEs) related to the islet transplant procedure or immunosuppression, the incidence 

of de novo anti-HLA antibodies, and kidney function by estimated glomerular filtration rate 

(eGFR). All aspects of the study design are consistent with the FDA guidance document 

Considerations for Allogeneic Pancreatic Islet Cell Products.4

The first subject consented on April 8, 2010. All subjects reached the primary endpoint by 

November 17, 2014, and the secondary endpoints by July 5, 2017.

2.3 ∣ Health-related quality of life, functional health status, and health utility surveys

CIT06 incorporated 4 HRQOL surveys SF-36, Diabetes Distress Score (DDS), 

Hypoglycemia Fear Score (HFS), and European Quality of Life (EuroQol)13-24 every 3 

months before islet transplant, at days 75, 180, 365, 730 and 1095 after the initial islet 

transplant, and at days 75, 180, 365, 730, and 1095 after the final islet transplant.

2.4 ∣ Recipient selection

Inclusion criteria included age 18-68 years at the time of enrollment, T1D for ≥5 years, 

stable kidney transplant, absent stimulated C-peptide, IAH as determined by Clarke score,9 

and a history of SHEs25 in the prior 12 months (Appendix S3) despite medical care provided 

by an endocrinologist or diabetologist (see Appendix S2). Among those transplanted, 

8 subjects had used continuous subcutaneous insulin infusion (CSII) pretransplant, and 

1 subject had used CGM. Each patient's diabetes specialist confirmed that the patient 
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was unable to achieve glycemic control without hypoglycemic episodes, even when the 

HbA1c level was allowed to rise above 7.5% (58.5 mmol/mol). In the year preceding 

transplant, each subject experienced ≥1 SHEs (see Appendix S4). Alternatively, when not 

meeting the hypoglycemia criterion, a subject could meet inclusion criteria if his or her 

HbA1c was ≥7.5% after having received ≥12 months of prospectively followed intensive 

insulin therapy30 (see Appendix S2). However, all subjects met the hypoglycemia criterion. 

Exclusion criteria included body mass index (BMI) >30 kg/m2, weight >90 kg, insulin 

requirement > 1.0 units/kg/day or < 15 units/day, calculated GFR ≤ 40 mL/min/1.73 m2, 

history of panel reactive anti-HLA antibodies by Luminex single antigen assay > 50% or 

presence of any anti-HLA antibodies against the kidney donor, and significant co-morbid 

conditions.

2.5 ∣ Donor selection, islet manufacture, and islet transplant

PHPI were manufactured at 10 manufacturing facilities, each associated with that clinical 

site. The CIT-defined manufacturing process used a common master production batch 

record, including standardized lot release criteria, process controls, test methods,2 and 

organ donor acceptance criteria. Pancreata from deceased donors 15-65 years of age were 

processed within 12 hours of retrieval. Donor exclusion criteria included history of diabetes, 

HbA1c > 6% (42 mmol/mol), and donation after cardiac death.

Each PHPI lot (dose), containing > 5000 islet equivalents (IEQ)/ kg for the first dose and ≥ 

4000 IEQ/kg for subsequent doses (if any), was prepared from a single pancreas2 and was 

transplanted by portal vein infusion. Access to the portal vein was achieved percutaneously 

or by minilaparotomy (30 and 9 infusions, respectively). Subjects who were not insulin 

independent at 30 days after the first or second dose were eligible for a subsequent infusion 

until 8 months after the initial transplant. This left a 4-month posttransplant interval for 

stabilization before assessment of the primary endpoint.

2.6 ∣ Other study treatments

Induction immunosuppression consisted of rabbit antithymocyte globulin (ATG) and 

etanercept1 for the first transplant, with basiliximab replacing ATG at subsequent 

transplants and in a single case of suspected sensitivity to ATG. The calcineurin-based 

maintenance immunosuppression regimen used for the renal transplant was continued after 

the islet transplant. Up to 10 mg of prednisone was allowed as part of maintenance 

immunosuppression.

2.7 ∣ HLA typing and HLA antibody assessment and criteria used for eligibility based on 
sensitization

See Supplemental Appendix S5.

2.8 ∣ Statistical analysis

Intention-to-treat analysis was used for primary and key secondary endpoints. Failures 

were imputed for missing outcomes. One-sided tests for whether the true rates are greater 

than the predetermined minimum rate for efficacy for the primary endpoint (27%), key 

secondary endpoints (50%), and insulin independence (20%) were used. Complete case 
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analysis was used for other metabolic outcomes. Nonparametric paired (Wilcoxon signed 

rank) tests were used to compare outcomes at each posttransplant time point with baseline 

values. To account for multiplicity and preserve the overall false discovery rate of 10%, 

the Benjamini-Hochberg (BH) method was used separately for the key secondary tests and 

other metabolic outcomes. The BH thresholds are obtained using all postinitial and postfinal 

transplant comparisons specified in the statistical analysis plan of the CIT06 final study 

report. See Appendix S6 for a detailed description of the analysis methods used to obtain the 

BH thresholds. Results are presented as median IQR, unless otherwise specified.

3 ∣ RESULTS

3.1 ∣ Recipient and donor characteristics

The 24 subject recipients had a median IQR age of 52.7 (29.2-69.6) years at the time of 

initial islet transplant (performed between April 9, 2010, and July 5, 2014) and included 

11 women (46%). Eighteen were white, 1 was Native American or Alaska Native, 1 was 

African American, and 4 did not report race or ethnicity. The last patient's last visit occurred 

on July 5, 2017. The median BMI was 24.0 (18.9-30.4) kg/m2, and median duration of 

T1D was 36.5 (17-55) years. Twenty three subjects met criteria at study entry for receiving 

IIT and having IAH and ≥1 SHE in the 12 months before study enrollment. One subject 

met criteria for having IAH and SHE after 2 years on prospectively implemented IIT. IIT 

was administered using CSII in 8 (33%) and multiple daily injections in the remainder. No 

subjects were enrolled solely based on persistently elevated HbA1c ≥ 7.5% after ≥12 months 

of IIT. Baseline autoantibody titers are shown in Table 1; approximately 80% of subjects had 

autoantibodies directed against insulin and/or glutamic acid decarboxylase-65 (GAD65). Ten 

subjects (42%) had proliferative retinopathy in one or both eyes. Eleven subjects received a 

single PHPI infusion, 11 subjects received 2 infusions, and 2 subjects received 3 infusions 

(Table 1). Donor graft characteristics are presented in Table 1.

3.2 ∣ Metabolic control

The primary endpoint of achieving an HbA1c ≤ 6.5% or a reduction in HbA1c of ≥1 point 

in the absence of experiencing SHEs at day 365 was achieved by 15 subjects (62.5%; P 
< .001). Fourteen (58.3%; P = .0012) and 11 (45.8%; P = .0369; Figure 1A) subjects also 

achieved the primary endpoint criteria evaluated at day 730 and day 1095, respectively. 

Fifteen subjects (62.5%) at day 365, 14 (58.3%) at day 730, and 10 (41.7%) at day 1095 

also met the key secondary endpoint of achieving an HbA1c < 7.0% in the absence of 

experiencing SHEs. No subject was free of SHEs in the year before transplant, and SHEs 

were eliminated posttransplant in 19 (79.2%) subjects through day 365 (P = .003), 18 

(75.0%) at day 730 (P = .011), and 15 (62.5%) at day 1095 (P = .154; Figure 1B). HbA1c, 

elevated at baseline (8.1% [7.0%-9.3%]), was significantly reduced following transplant 

(6.0% [5.3%-6.4%] at day 365, P < .001; 6.3% [5.5%-6.7%] at day 730, P = .002; 6.3% 

[5.5%-6.9%] at day 1095, P < .001; Figure 1C) with 15 (62.5%), 12 (50.0%), and 9 (37.5%) 

subjects achieving an HbA1c ≤ 6.5% at day 365, day 730, and day 1095, respectively. Insulin 

requirements at baseline were (0.50 [0.39-0.58] units kg−1 d−1) and decreased dramatically 

following transplant (0.0 [0.0-0.01] unit kg−1 d−1 at day 365, P < .001; 0.00 [0.0-0.22] 

unit kg−1 d−1 at day 730, P < .001; 0.00 [0.00-0.26] unit kg−1 d−1 at day 1095, P = 
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.002; Figure 1D) with 9 (37.5%), 7 (29.2%), and 4 (16.7%) subjects meeting criteria for 

insulin independence at day 365 (P = .036), day 730 (P = .189), and day 1095 (P = .736), 

respectively.

All subjects exhibited IAH at baseline (Clarke score 6.0 [5.0-6.0]) that was abolished 

following transplant (0.0 [0.0-0.0] at day 365, day 730, and day 1095, all P < .001; 

Figure 2A). Hypoglycemia severity, reflected by a markedly elevated HYPO score at 

baseline (575.5 [370.0-942.5], became negligible following transplant (0.0 [0.0-37.5] at day 

365, P = .008; Figure 2B). Glycemic lability was also markedly elevated at baseline (LI 

384.1 [302.2-587.4] mmol/L2/h wk−1) and dramatically reduced following transplant (21.4 

[14.6-56.0] mmol/L2/h wk−1 at day 365, P = .008; Figure 2C). A similar effect was seen for 

MAGE at baseline (160.8 [124.5-192.5] mg/dL) and following transplant (59.3 [35.7-82.0] 

mg/dL at day 365, P = .002; Figure 2D).

3.2.1 ∣ Continuous glucose monitoring—Mean glucose was elevated at baseline 

(189.0 [147.0-213.0] mg/dL) and decreased substantially following transplant (113.0 

[109.0-133.0] at day 365, 130.0 [108.0-145.0] at day 730, and 121.0 [105.5-152.0] mg/dL at 

day 1095, P ≤ .0625 for all comparisons to baseline (Figure 3A). The threshold for statistical 

significance based on the false discovery rate (FDR) approach was 0.0794. Glucose 

SD was also elevated at baseline (72.0 [61.0-80.0] mg/dl) and decreased dramatically 

following transplant (20.0 [16.0-30.0] at day 365, 21.0 [17.0-31.0] at day 730, and 25.5 

[13.5-51.5] mg/dL at day 1095; P ≤ .0625 for all comparisons to baseline; Figure 3B). 

Time spent within target range (54-180 mg/dL) was 47.85% [27.0%-74.4%] at baseline 

and increased substantially following transplant (97.2% [88.8%-99.9%] at day 365, 93.8% 

[83.8%-100.0%] at day 730, and 96.7% [68.5%-99.3%] at day 1095; P ≤ .0625 for all 

comparisons to baseline; Figure 3C). The increased time in range posttransplant was 

mainly driven by a reduction in the percentage of time spent with hyperglycemia (>180 

mg/dL) from 51.1% (23.4%-72.5%) at baseline to 0.0% (0.0%-5.0%) at day 365, 5.4% 

(0.0%-16.2%) at day 730, and 2.0% (0.0%-30.0%) at day 1095 (P ≤ .0625 for all 

comparisons to baseline; Figure 3D). Time spent with clinically important hypoglycemia 

(<54 mg/dL) was 0.5% (0.0%-2.9%) at baseline, but the posttransplant reduction did not 

meet statistical significance: (0.0% [0.0%-1.4%] at day 365, 0.0% [0.0%-0.0%] at day 730, 

and 0.2% [0.0%-2.1%] at day 1095).

3.2.2 ∣ Mixed-meal tolerance test—Fasting glucose was elevated at baseline (147.5 

[92.5-162.5] mg/dL) and decreased following transplant at day 365 (109.0 [101.0-115.0] 

mg/dL, P = .036), day 730 (112.0 [99.5-127.0] mg/dL, P = .175), and day 1095 (111.0 

[99.00-127.0] mg/dL, P = .334; Figure 4A). At the baseline, the 60-minute glucose 

was 264.0 (216.5-312.5) mg/dL and decreased following transplant at day 365 (200.0 

[151.0-215.0] mg/dL, P = .002), day 730 (166.0 [140.0-238.0] mg/dL, P = .013), and 

day 1095 (153.0 [116.0-183.0] mg/dL, P = .003; Figure 4A). At baseline, the 90-minute 

glucose increased further to 308.0 [272.0-380.0] mg/dL, while after transplant, it decreased: 

at day 365 (155.0 [130.0-208.0] mg/dL, P < .001), day 730 (155.5 [111.0-282.0] mg/dL, P 
= .002), and day 1095 (164.0 [128.0-218.0] mg/dL, P < .001; Figure 4A). C-peptide was 

undetectable in all subjects before transplant and was restored following transplant with 
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fasting levels 1.8 (1.6-2.5) at day 365, 1.8 (1.5-2.1) at day 730, and 1.3 (0.8-1.6) ng/mL at 

day 1095. At 60 minutes postmeal ingestion, C-peptide increased to 5.2 (3.6-7.7) at day 365, 

4.4 (2.7-5.1) at day 730, and 4.4 (1.2-8.2) ng/mL at day 1095 (P ≤ .001 for all comparisons 

vs baseline). Similarly, the 90-minute C-peptide increased to 5.5 (4.1-6.7) at day 365, 4.0 

(3.6-6.8) at day 730, and 4.4 (1.3-7.2) ng/mL at day 1095 (P < .001 for all comparisons vs 

baseline; Figure 4B).

3.2.3 ∣ Quality of life—Following transplant, diabetes distress decreased from baseline 

(DDS score 2.3 [1.7-3.1]) to day 75 (1.8 [1.7-2.8], P = .002), day 365 (1.5 [1.3-1.9], P = 

.006), day 730 (1.6 [1.2-1.8], P = .019), and day 1095 (1.7 [1.1-2.4], P = .008; Figure 5A) 

with no difference in measures seen between those subjects who were and were not insulin 

independent at day 75 (P = .949), day 365 (P = .218), day 730 (P = .178), and day 1095 (P = 

.279). Similarly, fear of hypoglycemia was reduced following transplant from baseline (HFS 

score 2.0 [1.7-2.4]) at day 75 (1.3 [0.96-1.9], P < .001), day 365 (0.74 [0.0-1.74], P = .002), 

day 730 (0.41 [0.0-1.6], P = .039), and day 1095 (0.6 [0.0-1.7]; P = .047, Figure 5B). There 

was a trend toward less fear of hypoglycemia in subjects who were insulin independent 

vs insulin dependent (Figure 5C). The EuroQOL Visual Analog Scale that assesses more 

general QOL increased significantly by day 365, 79.0 (75.0-82.0, P < .001); however, there 

was only a trend toward significance at days 730, 80.0 (74.0-85.0, P = .095), and 1095, 78.0 

(70.0-85.5, P = .033; Figure 5D).

3.2.4 ∣ Relationship of PHPI dose to primary endpoint—Subjects who met the 

primary endpoint received 14 978 ± 6296 IEQ/kg, which was greater than for those not 

meeting the primary endpoint (8589 ± 2790 IEQ/kg [P = .009], Table 2). Additionally, more 

subjects who met the primary endpoint received >1 infusion of PHPI (P = .033).

3.2.5 ∣ Sensitization to HLA—All 24 subjects had negative calculated PRAs (cPRAs) 

pretransplant. However, in 1 subject (subject 22, Table 3) who initially had negative cPRAs, 

anti-HLA antibodies developed while on the waiting list with the pretransplant cPRA 

increasing to 96%. This result was not available at the time of islet transplant, and the 

subject received a PHPI product in the presence of shared kidney and islet donor specific 

antibody (DSA). This islet graft failed by day 178 after initial transplant due to presumed 

rejection. The other subject (subject 1) with initially negative cPRA who subsequently 

developed pretransplant cPRA had a positive posttransplant cPRA only at day 1218 after 

initial transplant (Table 4). Of the 24 subjects, only 6 subjects developed posttransplant 

cPRAs (Tables 3 and 4). Two subjects (subject 2 and subject 20) developed de novo anti-

HLA antibodies with transient positive cPRAs that were not donor directed or associated 

with islet graft failure; 2 subjects (subject 6 and subject 7) developed de novo anti-HLA 

antibodies and positive cPRAs without detectable islet DSA but had islet graft failure; and 

2 subjects (subject 8 and subject 10) developed de novo anti-HLA antibodies with positive 

cPRAs with islet DSA and had islet graft failure. One subject (subject 8) had a weakly 

reactive DSA (MFI 700-960) present pretransplant but below the predetermined threshold 

for positivity; the subject received a PHPI product containing this antigen specificity and 

experienced a rapid increase in preexisting islet DSA associated with subsequent islet graft 

failure by day 55 after initial transplant. One subject (subject 23) had weak renal HLA class 
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II DSA pretransplant and developed posttransplant weak HLA class I DSA to the kidney and 

first islet donor (all DSA were below the predetermined threshold for positivity) (Tables 3 

and 4); this patient's renal function was stable (>60 mL/min/1.7 m2) during follow-up (day 

2191 after initial islet transplant) but had islet graft failure. Another subject (subject 24) had 

weak renal DSA posttransplant but maintained stable renal function (>60 mL/min/1.7 m2) 

during follow-up (day 772 after initial islet transplant) without islet graft failure.

3.2.6 ∣ Kidney function—Kidney function assessed by median eGFR decreased 

modestly from 82 (56-86) mL/min/1.73 m2 at baseline (n = 24) to 70 [52-83] mL/min/1.73 

m2 at day 75 (n = 21) (P < .001), and then returned towards baseline at 73 (58-92) mL/min/

1.73 m2 by day 365 (n = 19) (P = .568) after initial transplant, and increased further to 76 

(63-88) mL/ min/1.73 m2 (P = .268) and 78 (66-88) mL/min/1.73 m2 (P = .583) at days 730 

(n = 14) and 1095 (n = 14), respectively, after the final transplant (see Appendix S16). No 

patients experienced renal allograft rejection.

3.2.7 ∣ Adverse events—The 24 subject recipients in CIT06 experienced 22 SAEs 

from induction immunosuppression initiation through day 365 posttransplant and 24 

additional SAEs through day 1095 after final transplant (Appendix S17). One SAE involved 

hypoglycemia occurring 48 minutes after completing initial PHPI infusion; postinfusion 

hypoglycemia is a known post–islet transplant risk. Another subject experienced an 

inpatient hypoglycemia SAE 2 days following an initial PHPI infusion while still receiving 

intravenous insulin. Two subjects experienced neutropenia, and 3 subjects had nausea 

or vomiting (1 associated with an episode of acute kidney injury) that met criteria 

as SAEs and were attributed to immunosuppression. One subject was hospitalized for 

worsening hyperglycemia related to acute islet transplant failure 2 weeks after receiving 

an initial PHPI infusion. One subject was hospitalized for pneumonia possibly related 

to immunosuppression. The remaining SAEs reported were unrelated to either the PHPI 

infusion or immunosuppression. There were no procedure-related bleeding events. One 

subject experienced left portal branch vein thrombosis immediately following a second 

PHPI infusion that resolved with 6 months of anticoagulation therapy. Eight subjects 

experienced 24 additional SAEs after day 365 following the initial transplant through the 

end of CIT06 follow-up. Seven of these SAEs occurred in 5 subjects and were attributed 

to immunosuppressive medications: these included 4 urinary tract infections and 3 upper 

respiratory infections.

4 ∣ DISCUSSION

The safety and efficacy of PHPI transplant were explored in patients with T1D 

who previously received a kidney transplant. These study subjects required chronic 

immunosuppression for maintaining their kidney allografts; thus, PHPI transplant did not 

require additional maintenance immunosuppression. The results of CIT06, like those of 

CIT07, find PHPI to be safe and effective at achieving on-target glycemic control in the 

absence of SHEs and better disease-specific QOL scores. Importantly, long-term function 

of the kidney allograft was not compromised by this intervention as shown by stable eGFR 

to 3 years after the final islet transplant. Five subjects rejected transplanted islets 55, 73, 

178, 184, and 201 days after islet infusion; 2 subjects withdrew consent (day 141 and day 
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246); and 2 subjects did not meet the primary endpoint at day 365 (Appendix S12). One 

subject was lost to follow-up at day 849 and 1 subject withdrew consent at day 1174 after 

transplant (Appendix S6). Also noteworthy is that differences in glycemic control, absence 

of hypoglycemia, recovery of hypoglycemia awareness, and QOL were durable and evident 

at 3 years despite the small number of patients enrolled and that 3 of 24 patients terminated 

participation early in the study course and the loss of other evaluable patients by year 3.

In the current study, the endpoint of HbA1c ≤ 6.5% and freedom from SHEs were achieved 

in 14 of 24 (58%) subjects by intention-to-treat analysis (an additional subject met the 

primary endpoint by experiencing a reduction in HbA1c of ≥1 point and freedom from 

SHEs. Thus, a total of 15 of 24 subjects [62.5%]) were successes. This rate of success was 

somewhat less than that seen in the CIT07 trial, in which 81% of subjects met the stringent 

6.5% HbA1c endpoint. This is potentially a consequence of the poorer starting glycemic 

control of CIT06 vs CIT07 patients (HbA1c values of 8.1% vs 7.2%, respectively), and the 

use of maintenance prednisone in CIT06.

PHPI transplant in kidney transplant recipients proved highly effective at improving and 

maintaining metabolic control. Median HbA1c
28 was reduced from baseline levels of 8.1% 

to 6.0% at 1 year and to 6.3% at both 2 and 3 years following the initial transplant. CIT07 

reached HbA1c levels of 5.6% and 5.8% at 1 and 2 years. The higher HbA1c levels seen in 

CIT06 may reflect higher initial HbA1c levels and the allowance of low-dose glucocorticoid 

as part of the maintenance immunosuppression. Significant improvements were also evident 

in other measures of glycemic control including fasting glucose, glucose tolerance during 

the mixed-meal tolerance test (MMTT), mean glucose and time in range assessed by CGM 

system, and glucose variability assessed by the glycemic lability index, MAGE, and CGMS 

glucose SD. Such marked glycemic control stabilization has not been previously observed 

when using real-time CGM in patients with T1D complicated by IAH and experiencing 

SHEs26,27 who were treated conventionally with insulin. Emerging diabetes technologies 

such as next-generation insulin pumps with predictive low-glucose management technology 

and closed-loop systems with automated insulin or insulin and glucagon delivery have 

only recently been tested in patients with T1D having IAH and experiencing SHEs28,29 or 

following kidney transplant; future studies are needed to determine how these interventions 

compare with islet transplant.

Our results should also be considered in the context of whole organ pancreas transplant, 

a therapy for TID patients undergoing renal transplant that reliably restores euglycemia. 

However, pancreas alone transplant after a renal transplant entails a major operation that 

carries greater procedural risks than islet transplant that may offset its potential for lifesaving 

benefit.30 Perhaps this, together with the improvements in competing therapies (exogeneous 

insulin delivery devices, and islet transplant), explains the marked decline in activity of 

pancreas alone transplants over the past 15 years from a peak of > 600 cases in 2004 to < 

150 in 2019. The current trial demonstrates that islet after kidney transplant can provide an 

alternative to isolated whole organ pancreas transplant that is safe and effective.

An important correlate of successfully achieving the primary endpoint was the number of 

islet infusions and the administered islet mass. On average, those achieving the primary 
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endpoint received 2 separate infusions comprising nearly 14 978 IEq/kg vs 1 infusion 

totaling about 8589 IEq/kg in those who did not achieve the primary endpoint (P = 

.009). Similarly, achieving insulin independence was associated with a greater number of 

islet infusions and receiving a greater islet mass, with successful subjects averaging 2 

infusions and 16 117 IEq/kg vs 1 infusion and 10462 IEq/kg in subjects not gaining insulin 

independence (P = .009).

Subjects also experienced resolution of SHEs, the primary indication for transplant in these 

patients. Each transplanted subject experienced SHEs in the year before transplant; during 

the first year posttransplant, 19 of 24 (79%) were free of SHEs (P = .003). Of the remaining 

5 subjects, 3 experienced ≥1 SHE each in the first year posttransplant. Two of these 3 

subjects had experienced prior islet graft failure. Two additional subjects withdrew early and 

were not assessed for SHEs for the complete first year posttransplant. This SHE reduction 

was associated with parallel improvements in other metrics of hypoglycemia awareness 

(Clarke score) and severity (HYPO score), which in CIT07 was associated with recovery 

of hypoglycemia counterregulation.31 Freedom from SHEs was not as tightly linked as the 

degree of metabolic control to the delivered islet mass, with even partially functioning grafts 

ameliorating hypoglycemia, consistent with prior reports.1,32,33

HRQOL also significantly improved after PHPI transplant. Both the DDS and the HFS 

scores improved significantly over the 3 years after PHPI transplant. These improvements in 

HRQOL are similar to the results observed in CIT07.1

Successful kidney transplant confers lifesaving benefit in T1D patients with end-stage 

diabetic nephropathy. Thus, an essential tenet in IAK transplant is avoiding harm to the 

kidney allograft and fostering its long-term function. Theoretically, the longer-term islet 

transplant should help avoid recurrent diabetic nephropathy posttransplant by achieving 

better glycemic control; on the other hand, immune sensitization, due to exposure to 

potentially multiple islet donors and alterations in immunosuppression, could theoretically 

disrupt stable allograft function. In CIT06, we observed an initial modest decline in GFR 

at day 75 compared with baseline; however, renal function recovered to near baseline over 

the subsequent 3 years following initial PHPI transplant. In contrast, CIT07 subjects were 

new to maintenance immunosuppression and demonstrated a decline in GFR by 12 mL/min/

1.73 m2 at 1 year and 20 mL/min/1.73 m2 at 2 years, presumably attributable to initiating 

calcineurin inhibitor–based immunosuppression.33,34 Importantly, no kidney graft rejection 

episodes were reported after PHPI transplant in CIT06 and no new anti-donor antibodies to 

the kidney donor were identified. However, 2 subjects (8.3%) developed new anti-donor islet 

antibodies posttransplant, indicating immune sensitization. One of these subjects (subject 

8, Tables 3 and 4) had low-level islet donor-specific antibody pretransplant that increased 

posttransplant and was associated with early graft failure at day 55. The current threshold for 

declining pancreata when low-level islet DSAs exist may need to be reevaluated in light of 

these results. The rate of de novo sensitization was low in both CIT06 (12.5% over 3 years) 

and CIT07 (8.5% over 2 years).
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4.1 ∣ Review of safety and SAEs

Amongst the 24 CIT06 subjects, there were 22 SAEs from induction immunosuppression 

initiation through day 365 post initial islet transplant and 24 additional SAEs occurring 

though day 1095 following final islet transplant. Thirteen SAEs were related or possibly 

related to immunosuppression treatment. No procedure-related bleeding events were 

associated with the 39 PHPI infusions. All SAEs resolved without permanent sequalae.

4.2 ∣ Conclusion

This phase 3 pivotal trial in subjects with T1D post kidney transplant shows that 

PHPI transplant improves glycemic control, ameliorates problematic hypoglycemia, and 

significantly improves HRQOL. PHPI transplant was safe, without evidence of impairment 

in kidney allograft function. Islet transplant thus offers patients with T1D post kidney 

transplant the option of a safe and minimally invasive procedure when problematic 

hypoglycemia or poor glycemic control persists despite optimized medical therapy.
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Abbreviations:

ATG antithymocyte globulin

BH Benjamini-Hochberg

BMI body mass index

CGM continuous glucose monitoring

CGMS continuous glucose monitoring system

CIT clinical islet transplant

CIT06 CIT consortium trial of PHPI transplant in patients with type 1 

diabetes after kidney transplant

CIT07 CIT consortium trial of PHPI in type I diabetic patients with normal 

renal function and severe hypoglycemia

cPRA calculated PRA

CSII continuous subcutaneous insulin infusion

DDS Diabetes Distress Scale

DSA donor specific antibody

eGFR estimated glomerular filtration rate

FDA US Food and Drug Administration

FDR false discovery rate

GAD65 glutamic acid decarboxylase-65

GFR glomerular filtration rate

HFS Hypoglycemic Fear Survey

HRQOL health-related quality of life

HYPO hypoglycemia

IAH impaired awareness of hypoglycemia

IAK islet after kidney

IEq islet equivalent

IIT intensive insulin therapy, defined as intensive insulin therapy with 

target HbA1c levels of ≤ 6.5%
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IND investigational new drug

LI lability index

MAGE mean amplitude of glycemic excursions

MFI mean fluorescence intensity

MID minimally important difference

MMTT mixed-meal tolerance test

NIAID National Institute of Allergy and Infectious Diseases

NIDDK National Institute of Diabetes and Digestive and Kidney Diseases

NIH National Institutes of Health

PHPI purified human pancreatic islets

QOL quality of life

SAB single antigen bead assay

SAE serious adverse event

SF-36 Short Form-36 health survey

SHE severe hypoglycemic event

T1D type 1 diabetes

VAS visual analog scale
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FIGURE 1. 
A, primary endpoint (%). An exact 1-sided test for a proportion of ≤.27 vs >0.27 was 

performed at day 365, day 730, and day 1095. The P values were P = .0003 at day 365, P = 

.0012 at day 730, and P = .0369 at day 1095. The threshold for statistical significance based 

on the Benjamini-Hochberg (BH) false discovery rate (FDR) method was 0.0167. B, Free 

of severe hypoglycemic event (SHE) (%). An exact 1-sided test for proportion ≤0.5 vs >0.5 

was performed at day 365, day 730, and day 1095. The P values were P = .0033 at day 365, 

P = .0113 at day 730, and P = .1537 at day 1095. The threshold for statistical significance 

based on the BH FDR method was 0.0167. C, HbA1c (%). The Wilcoxon signed rank test 

for paired outcomes was used to compare the HbA1c levels (%) between baseline and day 

365, day 730, and day 1095 following initial purified human pancreatic islets (PHPI) product 

transplant. The BH method was used to adjust the level of significance in order to preserve 

the overall false discovery rate of 10%. The upper BH boundary was 0.0794 and the P values 

for the 2-sided Wilcoxon signed rank tests were P < .0001 for day 365, P = .0016 for day 

730, and P = .0002 for day 1095. D, Insulin use (U/kg/d). The Wilcoxon signed rank test 

for paired outcomes was used to compare insulin use (U/kg/d) at day 365, day 730, and day 

1095 following initial PHPI product transplant. The BH method was used to adjust the level 

of significance in order to preserve the overall false discovery rate of 10%. The upper BH 
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boundary was 0.0794 and the P values for the 2-sided Wilcoxon signed rank tests were P < 

.0001 for day 365, P = .0001 for day 730, and P = .0020 for day 1095
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FIGURE 2. 
A, Clarke score. The Wilcoxon signed rank Test for paired outcomes was used to compare 

the median Clarke Survey score between baseline (N = 24) and day 365, day 730, and 

day 1095 following initial purified human pancreatic islets (PHPI) product transplant. The 

Benjamini-Hochberg (BH) method was used to adjust the level of significance in order to 

preserve the overall false discovery rate of 10%. The upper BH boundary was 0.0794 and the 

P values for the 2-sided Wilcoxon signed rank tests were P < .0001 for day 365, P = .0001 

for day 730, and P = .0001 for day 1095. B, hypoglycemia (HYPO) score. The Wilcoxon 

signed rank test for paired outcomes was used to compare changes in median HYPO score 

between baseline and day 365 following initial PHPI product transplant. BH method was 

used to adjust the level of significance to preserve the overall false discovery rate of 10%. 

The upper BH boundary was 0.0794 and the P value for the 2-sided Wilcoxon signed rank 

test was .0078. Note: HYPO score results were only collected through day 365. C, Lability 

index (LI). The Wilcoxon signed rank test for paired outcomes was used to compare the 

changes in median LI scores between baseline and day 365 following initial PHPI product 

transplant. The BH method was used to adjust the level of significance to preserve the 

overall false discovery rate of 10%. The upper BH boundary was 0.0794 and the P value 

for the 2-sided Wilcoxon signed rank test was .0078. Note: LI results were only collected 

through day 365. D, Mean amplitude of glycemic excursions (MAGE) score. The Wilcoxon 
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signed rank test for paired outcomes was used to compare changes in MAGE score between 

baseline and day 365 following initial PHPI product transplant. The BH method was used 

to adjust the level of significance to preserve the overall false discovery rate of 10%. The 

upper BH boundary was 0.0794 and the P value for the 2-sided Wilcoxon signed rank test 

was .0020. Note: MAGE score results were only collected through day 365

Markmann et al. Page 20

Am J Transplant. Author manuscript; available in PMC 2022 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
A, Mean glucose levels (mg/dL). The Wilcoxon signed rank test for paired outcomes was 

used to compare mean continuous glucose monitoring system (CGMS®) glucose (mg/dL) 

from baseline to day 365, day 730, and day 1095 following initial purified human pancreatic 

islets (PHPI) product transplant. The Benjamini-Hochberg (BH) method was used to adjust 

the level of significance to preserve the overall false discovery rate of 10%. The upper BH 

boundary was 0.0794 and the P values for the 2-sided Wilcoxon signed rank tests were P 
= .0625 for day 365, P = .0156 for day 730, and P = .0625 for day 1095. B, Average SD 

of glucose levels (mg/dL). The Wilcoxon signed rank test for paired outcomes was used 

to compare average SD of glucose levels (mg/dL) from baseline to day 365, day 730 and 

day 1095 following initial PHPI product transplant. The BH method was used to adjust the 

level of significance to preserve the overall false discovery rate (FDR) of 10%. The upper 

BH boundary was 0.0794 and the P values for the 2-sided Wilcoxon signed rank tests were 

P = .0625 for day 365, P = .0156 for day 730, and P = .0625 for day 1095. C, Percent 

of time in glucose range. The Wilcoxon signed rank test for paired outcomes was used to 

compare CGMS® percent excursions for < 54, within (54-180), and >180, from baseline to 

day 365, day 730, and day 1095 following initial PHPI product transplant. The BH method 
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was used to adjust the level of significance to preserve the overall FDR of 10%. The upper 

BH boundary was 0.0794 and the P values for the 2-sided Wilcoxon signed rank tests were, 

respectively, P = .2500, P = .0625 and P = .0625 for day 365; P = .1250, P = .0156, and 

P = .0156 for day 730; and P = .7500, P = .0625, and P = .0625 for day 1095. D, Glucose 

level (mg/dL) number of excursions < 54 mg/dL per 24 h. The Wilcoxon signed rank test 

for paired outcomes was used to compare the median number of hypoglycemic excursions 

per day from baseline to day 365, day 730, and day 1095 following initial PHPI product 

transplant. The BH method was used to adjust the level of significance to preserve the 

overall FDR of 10%. The upper BH boundary was 0.0794 and the P values for the 2-sided 

Wilcoxon signed rank tests were P = .2500 for day 365, P = .1250 for day 730, and P = 1.0 

for day 1095
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FIGURE 4. 
A, Mixed-meal tolerance test (MMTT)-derived serum glucose levels. The Wilcoxon signed 

rank test for paired outcomes was used to compare glucose measures for basal (0 minutes), 

60 minutes, 90 minutes, and the change from 0 minutes to 90 minutes from baseline to 

day 365, day 730, and day 1095 following initial purified human pancreatic islets (PHPI) 

product transplant. The Benjamini-Hochberg (BH) method was used to adjust the level 

of significance to preserve the overall false discovery rate (FDR) of 10%. The upper BH 

boundary was 0.0794 and the P values for the 2-sided Wilcoxon signed rank tests were, 

respectively, P = .0358, P = .0020, P < .0001, and P < .0001 for day 365; P = .1754, 

P = .0129, P = .0017, and P = .0010 for day 730; and P = .3336, P = .0029, P = 

.0002, and P = .0001 for day 1095. Note: The 60-minute glucose levels (mg/dL) were not 

required in Protocol CIT06 (CIT consortium trial of PHPI transplant in patients with type 1 

diabetes after kidney transplant). B, MMTT-derived serum C-peptide levels. The Wilcoxon 

signed rank test for paired outcomes was used to compare C-peptide measures for basal 

(0 minutes), 60 minutes, 90 minutes, and the change from 0 minutes to 90 minutes from 

baseline to day 365, day 730, and day 1095 following initial PHPI product transplant. The 

BH method was used to adjust the level of significance to preserve the overall FDR of 10%. 
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The upper BH boundary was 0.0794 and the P values for the 2-sided Wilcoxon signed rank 

tests were, respectively, P < .0001, P < .0001, P < .0001 and P < .0001 for day 365; P < 

.0001, P = .0002, P < .0001, and P < .0001 for day 730; and P = .0002, P = .0010, P = .0002, 

and P = .0005 for day 1095.
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FIGURE 5. 
A, Diabetes Distress Scale (DDS) scores. The Wilcoxon signed rank test for paired 

outcomes was used to compare DDS from baseline and day 75, day 365, day 730, and 

day 1095 following initial purified human pancreatic islets (PHPI) product transplant. The 

Benjamini-Hochberg (BH) method was used to adjust the level of significance to preserve 

the overall false discovery rate (FDR) of 10%. The upper BH boundary was 0.0229 and 

the P values for the 2-sided Wilcoxon signed rank test were, respectively, P = .0020, P = 

.0062, P = .0195 and P = .0078. B, Overall Hypoglycemia Fear Survey (HFS) scores. The 

Wilcoxon signed rank test for paired outcomes was used to compare HFS from baseline to 

day 75, day 365, day 730, and day 1095 following initial PHPI product transplant. The BH 

method was used to adjust the level of significance to preserve the overall FDR of 10%. The 

upper BH boundary was 0.0229 and the P values for the 2-sided Wilcoxon signed rank test 

were, respectively, P = .0005, P = .0024, P = .0391, and P = .0469. C, Hypoglycemia Fear 

Survey (HFS) score as a function of insulin independence. The sample sizes are recorded 

as (nd = number of insulin dependent, ni = number of insulin independent) at day 75, day 

365, day 730, and day 1095 following initial PHPI product transplantation. The BH method 

was used to adjust the level of significance to preserve the overall FDR of 10%. The upper 

BH boundary was 0.0229. Pairwise Wilcoxon P values comparing HFS scores among those 

who met insulin independence vs those who did not for day 75, day 365, day 730, and day 
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1095 were, respectively, P = .7250, P = .0783, P = .0171 and P = 1.0. D, Overall visual 

analog scale (VAS) Scores. The Wilcoxon signed rank test for paired outcomes was used to 

compare EuroQOL VAS from baseline to day 75, day 365, day 730, and day 1095 following 

initial PHPI product transplant. The BH method was used to adjust the level of significance 

to preserve the overall FDR of 10%. The upper BH boundary was 0.0229 and the P values 

for the 2-sided Wilcoxon signed rank test were, respectively, P = .1061, P = .0002, P = .0952 

and P = .0327
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TABLE 1

Recipient (baseline), donor and graft characteristics

Baseline recipient
characteristics

Observations
(n)

Median (minimum –
maximum) or n (%)

Gender (% male) 24 13 (54.2)

Age (y) 24 52.7 (29.2-69.6)

Weight (kg) 24 70.9 (48.4-86.5)

BMI (kg/m2) 24 24.0 (18.9-30.4)

Duration of diabetes (y) 24 36.5 (17.0-55.0)

HbA1c (%) 24 8.1 (6.0-12.7)

HbA1c (mmol/mol) 24 65 (42-115)

Insulin requirement

 Units/d 24 35.9 (18.3-57.8)

 Units/kg/d 24 0.5 (0.3-0.7)

Autoantibodies

 Anti-insulin (% positive) 24 21 (87.5)

 Anti-GAD65 (% positive) 24 19 (79.2)

 Anti-ICA512 (% positive) 24 6 (25.0)

Clarke score 24 6 (3-7)

HYPO score 16 575.5 (60.0-2126.0)

SHE 1 y pretransplant (n) 21 6.0 (0.0-30.0)

Glycemic LI 16 384.1 (37.6-914.5)

MAGE (mg/dL) 18 160.8 (88.2-513.0)

eGFR (mL/min/1.73 m2) 24 81.8 (43.0-106.7)

Diabetic microvascular complications (left eye) 24

 Not reported (%) 2 (8.3)

 Not present (%) 5 (20.8)

 Mild/minimal nonproliferative retinopathy (%) 6 (25.0)

 Moderate nonproliferative retinopathy (%) 2 (8.3)

 Severe nonproliferative retinopathy (%) 1 (4.2)

 Proliferative retinopathy (%) 8 (33.3)

Diabetic microvascular complications (right eye) 22

 Not reported (%) 2 (9.1)

 Not present (%) 2 (9.1)

 Mild/minimal nonproliferative retinopathy (%) 6 (27.3)

 Moderate nonproliferative retinopathy (%) 2 (9.1)

 Severe nonproliferative retinopathy (%) 0 (0.0)

 Proliferative retinopathy (%) 10 (45.5)

Donor/pancreas characteristics

Donor age (y) 39 41.0 (18.0-64.0)

Donor BMI (kg/m2) 39 32.1 (20.4-48.0)

Donor sex (% male) 39 32 (82.1)
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Baseline recipient
characteristics

Observations
(n)

Median (minimum –
maximum) or n (%)

Pancreas cold ischemia time (h/per isolation) 39 7.8 (2.4-14.9)

PHPI lot characteristics

 Total IEq transplanted (per lot) 39 532 301 (291 908-826 438)

 Tissue volume (mL/lot) 39 4 (1-15)

Total dose/subject

 Total IEq transplanted (per subject) 24 766 357 (367 938-2 075 368)

 Total IEq/kg transplanted (per subject) 24 11 345 (5168-28 393)

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; GAD, glutamic acid decarboxylase-65; HYPO, hypoglycemia; 
IEq, islet equivalent; MAGE, mean amplitude of glycemic excursions; PHPI, purified human pancreatic islets; SHE, severe hypoglycemic event.
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TABLE 3

Pretransplant cPRA, HLA antibody, and DSA

Subject
Baseline
maximum cPRA

Anti-HLA
Ab

Renal
DSA

Islet
DSA

1
a 7 Yes No No

2 0 No No No

6 0 No No No

7 0 No No No

8
b 0 Weak No Weak

10 0 No No No

12 0 No No No

20 0 No No No

22 96 Yes Yes Yes

23
c 0 No Weak No

24 0 No No No

a
Weak HLA class I reactivity (A23-2100 MFI).

b
Weak donor specific antibody (DSA) to islet HLA class II specificity (DQ7; mean fluorescence intensity (MFI) in the range of 700-960) was 

present pretransplant which was below the predetermined threshold for positivity.

c
Weak DSA to kidney HLA class II specificity (DQ7,8,9; MFI 500-1300) which was below the predetermined threshold for positivity.
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