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SUMMARY
The transplanting islets to the liver approach suffers from an immediate posttransplant loss of islets of more
than 50%, progressive graft dysfunction over time, and precludes recovery of grafts should there be serious
complications such as the development of teratomas with grafts that are stem cell-derived islets (SC-islets).
The omentum features an attractive extrahepatic alternative site for clinical islet transplantation. We explore
an approach in which allogeneic islets are transplanted onto the omentum, which is bioengineered with a
plasma-thrombin biodegradable matrix in three diabetic non-human primates (NHPs). Within 1 week post-
transplant, each transplanted NHP achieves normoglycemia and insulin independence and remains stable
until termination of the experiment. Success was achieved in each case with islets recovered from a single
NHP donor. Histology demonstrates robust revascularization and reinnervation of the graft. This preclinical
study can inform the development of strategies for b cell replacement including the use of SC-islets or other
types of novel cells in clinical settings.
INTRODUCTION

Type 1 diabetesmellitus (T1D) is an autoimmune disease in which

the insulin-producing b cells of the pancreas are destroyed, re-

sulting in an inability to effectively monitor and regulate blood

glucose (BG) levels. Approximately 1.7 million children and adults

in the United States suffer from T1D, and associated direct

healthcare costs exceed $15 billion annually.1 Since its first

discovery and clinical use in 1920, exogenous insulin has been

the standard of care and changed T1D from a universally fatal

disease to a chronic illness. Due to the inability of exogenous

insulin therapy to achieve euglycemia, b cell replacement by islet

transplantation has emerged as a promising minimally invasive

alternative therapy for T1D.2,3 Recent NIH-sponsored phase III

clinical trials conducted by the Clinical Islet Transplant (CIT)

Consortium have demonstrated the safety and effectiveness of

the procedure using the intraportal approach and laid the ground-

work for Biologic License Application through the FDA to have
Cell Re
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islets become a reimbursable cell-based therapy for patients

with severe T1D.4,5 However, the CIT trials also demonstrated

that, about 80% of time, allogeneic islets acquired from multiple

deceased pancreas donors are needed to gain insulin-free nor-

moglycemia due to the inefficiencies of this site, which can result

an immediate posttransplant loss of as much as half of the trans-

planted b cell mass.6 Although the precise mechanisms of islet

loss are yet to be fully defined, a role for both a powerful instant

blood-mediated inflammatory reaction (IBMIR) to the islets and

the hypoxemic environment in the portal venous circulation

have been implicated. Clinical trials also revealed that progres-

sive graft dysfunction over time after intrahepatic islet transplan-

tation and often requiring administration of exogenous insulin.4,5,7

Importantly, the liver cannot accommodate encapsulated islets8

or co-implantation of islets and immunomodulatory material for

local immunomodulation.9 In addition, the transplanted islets

are not retrievable should any undesirable side effects occur

such as tumorigenicity from transplanted cells.
ports Medicine 4, 100959, March 21, 2023 ª 2023 The Author(s). 1
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The recent development of robust protocols for generating

stem cell-derived islets (SC-islets) including insulin-producing

b cells from human stem cells has the potential to greatly

expand the supply of b cells and could lead to a definitive

cure for T1D.10–15 Importantly, full euglycemia has been

achieved both in a streptozotocin (STZ)-induced diabetic

non-human primate (NHP) model (Markmann, J., et al. Self-

tolerance vs Islet Transplantation. American Transplant

Congress, June 2021, oral presentation) and in T1D patients

by transplanting fully differentiated human embryonic stem

cell-derived islets.16 However, SC-islets also demonstrated

potential for tumorigenicity in the form of teratoma and other

malignant tumors.17,18 Therefore, from a safety perspective,

the currently favored intrahepatic approach may not be a

safe way to transplant SC-islets since they are not retrievable.

A major objective in moving stem cell-derived b cell technol-

ogy to clinical application is to identify an optimal site for

implantation. Thus, there is an acute need to explore extrahe-

patic transplant sites for b cell replacement both in the pri-

mary islet and SC-islet transplant settings in the treatment

of T1D.

Efforts have been made to identify alternative sites that may

provide a more hospitable environment. These include intrathy-

mic, anterior chamber of the eye, testicle, intracranial, bone

marrow, intramuscular, intrapleural, omental, subcutaneous,

and gastric submucosa sites.19 While these sites possess theo-

retical advantages over the liver as a site for implantation, there

have been inconsistent outcomes in rodent and large animal

islet transplantation models. Among these sites, the omentum

as an alternative site has several advantageous features for

islet transplantation that can address the drawbacks of the in-

trahepatic site. However, although using the omentum as an

alternative site for islet transplantation was assessed about

50 years ago20 and successful outcomes have been achieved

in small-animal21–23 and Canidae models,24 there is paucity of

data supporting its use in NHPs8,9,22 and humans.25 Impor-

tantly, prolonged posttransplant euglycemia has not been

achieved in either NHP preclinical models or clinical settings

of T1D. This poses the question of the suitability of the omen-

tum as an alternate site to host allogeneic islets to cure T1D. To

address this question, firstly we adopted an approach of engi-

neering the omentum to implant allogeneic islets onto the

omentum of the STZ-induced diabetic NHP model.9,22 We

used topical recombinant thrombin (Recothrom), an enzyme,

and the recipient’s autologous plasma to engineer a bio-

degradable matrix by which islets were immobilized onto the

omentum. Secondly, to avoid the possibility of graft failure

due to insufficient immunosuppression, we adopted a conven-

tional immunosuppressive regimen with demonstrated efficacy

in NHP intrahepatic and intrapleural space transplantation

models, as our group and other groups reported previ-

ously.19,26 Herein, we report that full euglycemia was achieved

posttransplant without exogenous insulin administration and

glucose-responsive insulin secretion and C-peptide levels

were comparable with that of prediabetic levels. Our study

demonstrated the feasibility and suitability of the omentum as

an alternative site for islet transplantation in the treatment

of T1D.
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RESULTS

Allogeneic islet engraftment in the bioengineered
omentum achieves euglycemia in diabetic NHPs
Twoweeks following induction of diabetes, we transplanted allo-

geneic islets in a one donor-one recipient fashion onto the omen-

tum of three STZ-induced diabetic NHPs, and the animals were

monitored for graft survival and glucose homeostasis. Details of

the characteristics of the donor islet and recipient information

are summarized in Figure 1A. Donor/recipient MHCmismatching

and study duration information are summarized in Figures S1A–

S1C. A lymphocyte-depletion-based immunosuppression pro-

tocol that consists of four doses (5 mg/kg) of thymoglobulin

(Thymo) and two doses (365 mg/m2) of Rituxan for induction

with the maintenance of rapamycin (Rapa) was used for graft

protection (Figure 1B). Islets were implanted onto the omentum

with a thrombin-induced plasma fibrin glue matrix as described

in Figure 1C. The implantation procures consist of (1) a suspen-

sion of islets with the recipient’s autologous plasma was dripped

onto the omentum surface (Figure 1C3); (2) then islets were im-

mobilized on the omentum by topical recombinant thrombin

layered over the islet slurry (Figure 1C4); (3) followed by another

layer of autologous plasma to create a degradable biologic fibrin

matrix (Figure 1C5); (4) the omentum was then folded onto itself

and held in place by the thrombin-induced fibrin glue to form a

pouch (Figure 1C6). This simple bioengineering process is to

create a microenvironment to contain islets and increase graft

contact surface with the surrounding microvasculature bed to

promote engraftment. Based on our prior experience with allo-

geneic islet transplantation in NHPs, where graft rejection and

poor BG control are evident by �30 days,9,26,27 we believe that

a 90-day study duration is sufficient to answer the study

question.

Three diabetic NHPs (animals 1–3) received allogeneic islets

(�17,500, 15,500, and 17,200 islet equivalents [IEQ]/kg of recip-

ient body weight, respectively) transplanted onto the omentum.

Before transplantation, random non-fasting glucose levels aver-

aged�300 mg/dL, and 16–20 units of exogenous insulin per day

were required to control diabetes for the three recipients

(Figures 2A–2C). The transplant surgeries were uneventful, and

no complications were observed during surgeries or during the

perioperative period. Postoperatively, animal 1 (A1) and animal

2 (A2) made an uneventful recovery and rapidly achieved normo-

glycemia with non-fasting BG readings ranging between 42 and

250 mg/dL, with most measures below 100 mg/dL throughout

the 90-day study duration. Exogenous insulin was not adminis-

tered, except for 1–3 units of insulin administration daily for the

first 28 days posttransplant to encourage islet ‘‘rest’’ and to pre-

vent postprandial BG fluctuation as per our standard protocol

and as is done clinically (Figures 2A and 2B). The weekly 12-h

fasting BG readings demonstrated that animals 1 and 2 consis-

tently achieved fasting BG levels within the normal range (30–

110 mg/dL) of naive healthy cynomolgus monkeys28 during the

entire posttransplant period (Figure 1H). Intravenous glucose

tolerance tests (IVGTTs) at 1 month for both animals and

3 months for animal 2 (3-month data not available for animal 1)

showed excellent glucose disposal, mimicking the glucose

dynamics when each animal was naive (Figures 2D and 2E).
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Figure 1. Characteristics of transplanted islets and recipients, immunosuppression treatment regimen, and the process to engineer the

omentum for islet implantation

(A) Table 1: characteristics of transplanted islets and recipients. Three streptozotocin (STZ)-induced diabetic NHPs (5.6–6.5 kg body weight) were entered into

this study, and each received allogeneic islet transplantation in a one-donor-one-recipient fashion in the omentum. Recipient animals 1, 2, and 3 received 17,571,

15,554, and 17,213 islet equivalents (IEQ)/kg, respectively.

(B) Immunosuppression treatment regimen: the recipient cynomolgus macaque was given: (1) thymoglobulin (rATG) intravenously (i.v.) 5.0 mg/kg on days �3, 0,

+5, and +10, (2) anti-CD20 antibody i.v. 375mg/m2 on days 0 and +5, and (3) rapamycin (Rapa) 0.1 mg/kg intramuscularly, daily for 3 months adjusted for a target

blood trough level of 10–20 ng/mL. The day of allogeneic islet transplantation was defined as day 0.

(C) Schema describing the process to engineer the omentum for islet implantation. The procedure of implantation of high purity islets (C1) onto the omentum (C2)

consists of (1) suspension of islets with recipient’s autologous plasma was dripped onto the omentum surface (C3), (2) then islets were immobilized onto the

omentumby topical recombinant thrombin (Recothrom) layered over the islet slurry (C4), (3) followed by another layer of autologous plasma to create a degradable

biologic fibrin matrix (C5), (4) the omentum was then folded onto itself and held in place by the thrombin-induced adherent fibrin glue to form a pouch (C6), a

microenvironment to contain islets and increase graft contact surfacewith the surroundingmicrovasculature bed to promote engraftment. Scale bar, 150 mm (C1).
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Also, noteworthy is that animal 2 demonstrated improvement of

glucose disposal at 3 months vs. 1 month posttransplant in the

IVGTT testing, likely due to the improved graft revascularization

over time. Fasting and stimulated insulin and C-peptide levels

were measured longitudinally throughout the study and revealed

that both animals restored stable insulin and C-peptide levels

that were comparable with the pre-STZ (naive) levels

(Figures 2F and 2G). Both animals manifested no detectable in-

sulin or C-peptide levels in their blood after STZ administration

before transplant (post-STZ). We observed mild weight loss

immediately posttransplant due to surgery and possibly the

side effects of Rapa but continual stable weight gain followed

over time thereafter (Figures 3A and 3B), indicating that post-

transplant euglycemia was not due to malnutrition.
Animal 3 (A3) made an uneventful recovery and rapidly

achieved normoglycemic control with non-fasting BG levels

ranging from 43 to 270 mg/dL with most measures around

100 mg/dL for the first 32 days (Figure 2C). As noted for the

other animals, 2 IU of exogenous insulin was administered for

the first 28 days posttransplant to facilitate islet engraftment.

Weekly 12-h fasting BG readings demonstrated that animal 3

consistently achieved BG levels within the normal range (30–

110 mg/dL) of naive healthy cynomolgus monkeys for the first

32 days posttransplant (Figure 2H). It is noteworthy that, from

days 28 to 32, animal 3 achieved euglycemia (non-fasting BG

average around 100 mg/dL) without any exogenous insulin

administration (Figure 2C), but on day 32 this animal developed

severe diarrhea, inactivity, and loss of appetite. Animal 3 did
Cell Reports Medicine 4, 100959, March 21, 2023 3
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Figure 2. Islet transplant onto the bioengineered omentum restores euglycemic control in diabetic NHPs

(A–C) Daily pre- and posttransplant random non-fasting blood glucose (BG) reading and insulin (INS) usage for animals 1–3, respectively. Daily BG readings (blue

line, left axis) and daily total external INS requirement (red line, right axis) are indicated. Animals exhibited high BG levels (averaged�300 mg/dL) and 16–20 units

of external insulin demand after STZ induction but before transplant (defined as post-STZ). After islet transplantation (Tx), all animals rapidly became normo-

glycemic with non-fasting BG readings ranging from 42 to 250 mg/dL with most measures below 100 mg/dL throughout the 90-day study duration for animals 1

(A) and 2 (B), and 32 days for animal 3 (C), before contracting an infection and being sacrificed at day 46 posttransplant. Exogenous insulin was not administered

except for 1–3 units of administered daily for the first 28 days posttransplant to encourage islet ‘‘rest’’ and to prevent post-prandial blood glucose fluctuation as

per our standard protocol and as is done clinically, except that animal 3 required INS from day 32 to the end of the study.

(D and E) Intravenous glucose tolerance test (IVGTT) for animals 1 and 2, respectively. BGdisposal dynamics during IVGTT performed at naive (pre-STZ), post-STZ, 1-

and3-month (only animal2dataavailable)posttransplant timepointsshowedexcellentglucosedisposal,mimicking theglucosedynamicswheneachanimalwasnaive.

(F and G) Fasting (F) and stimulated (S) insulin (n = 2 technical replicates) and C-peptide (n = 2 technical replicates) for animals 1 (F) and 2 (G), respectively. Insulin

(left axis) and C-peptide (right axis) levels in serum for recipients under fasting and post-stimulation at naive (pre-STZ), Post STZ, 1- and 3-month post-

transplantation revealed that both animals restored stable insulin and C-peptide levels that were comparable with the pre-STZ (naive) levels. Both animals

manifest no detectable insulin or C-peptide levels post-STZ.

(H) Posttransplant weekly fasting BG readings for animals 1–3. The weekly 12-h fasting BG readings demonstrated that animals 1 and 2 consistently achieved

fasting BG levels within the normal range (30–110 mg/dL) of naive healthy cynomolgus monkeys28 during the entire study posttransplant period, and for the first

32 days posttransplant for animal 3.
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not respond to treatments for the next 2 weeks, continued to

lose body weight, and experienced fluctuating blood glucose,

which required 4–14 units of insulin per day to control BG.

Coincidentally, on day 32, when the animal began to appear

ill and blood lymphocyte counts increased both in percentage

and in absolute number (Figure 4C). Concomitant with this
4 Cell Reports Medicine 4, 100959, March 21, 2023
increase, memory cells (effector memory [CD95+CD28�], cen-
tral memory [CD95+CD28+]) of CD4+ and CD8+ cells in the

circulation also increased (Figures S2G and S2H). Anti-donor-

specific antibodies (DSAs) were also detected at high

titer (about 50 times over the naive) at 1 month posttransplant,

especially IgG-MHC II (Figure 5F). Inflammatory chemokines
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B C Figure 3. Body weight dynamics and islet

graft histology demonstrate viable graft

and its revascularization and reinnervation

(A–C) Body weight dynamics pre- and posttrans-

plant for animals 1–3, respectively. All animals

suffered mild weight loss immediately posttrans-

plant due to surgery and possibly the side effects

of Rapa, but continual stable weight gain followed

over time for animals 1 and 2 (A and B) indicating

that posttransplant euglycemia was not due to

malnutrition except for animal 3 (C) suffered

continued weight loss after day 32 due to ill health.

(D–I) Representative images of necropsy graft

samples of animal 1. Graft tissue samples were

collected, and sections were stained with H&E to

reveal islets that were stained with insulin (brown),

anti-CD3 (brown), and anti-CD20 (brown). Histology

revealedwell-preserved islets (D) with strong insulin

staining (E), minimal CD3+ (F), as well as minimal

CD20+ (G) cell infiltration. Representative images of

animal 1 graft revascularization and reinnervation.

Graft at 91 days after omental implantation shows

CD31+ cells (red, white arrow) are richly present (H),

indicating that revascularization has well estab-

lished in islets (circledbywhitedotted line); andb-III-

tubulin-positive cells (red, white arrow) are well

present (I), indicating that reinnervation has estab-

lished in islets (circledbywhite dotted line). Sections

were also stained for cell nuclei (DAPI, blue) and for

insulin (green). Scale bars, 150 mm (D, E, F, and G)

and 50 mm (H and I).

(J and K) Representative images of necropsy native

pancreas of animal 1 showed that the native

pancreas was devoid of islet structures (J) and in-

sulin staining (K). Scale bars, 150 mm (J and K).
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MCP-1 (CCL2), I-TAC (CXCL11), and MIG (CxCL9) also showed

above normal ranges (Figure S3M, S3O, S3P). All these metrics

suggested that animal 3 contracted an infection that precipi-

tated graft rejection during the study (but blood culture and

serum cytomegalovirus (CMV) tests were both negative).

Detailed kinetic analysis of changes in lymphocyte subsets

is presented in supplemental information. At 46 days posttrans-

plant, animal 3 was sacrificed before reaching the end of

the 90-day study duration due to continued weight loss

(Figure 3C).
Cell Repo
Animals 1 and 2 were sacrificed on day

90 posttransplant per study design. At

autopsy, no anatomic abnormalities

were observed for all three animals,

except for the noted deterioration in

general condition for animal 3. Histology

revealed well-preserved islets with strong

insulin staining (Figures 3D, 3E, and S5B),

andminimal CD3 (Figures 3F and S5C) as

well as minimal CD20 (Figures 3G and

S5D) cell infiltration for both animals 1

and 2. CD31- and b-III-tubulin-positive

cells were richly present in graft autopsy

specimens, indicating that revasculariza-

tion and reinnervation had well estab-
lished in islets for animals 1 (Figures 3H and 3I) and animal 2

(Figures S5E and S5F). For animal 3, autopsy pathology showed

normal H&E staining for liver, heart, lung, pancreas, kidney, and

intestinal tissue, and no evidence of CMV infection in these tis-

sues was observed. The native pancreas was devoid of islet

structures (Figure 3J) and insulin staining was negative for ani-

mals 1 (Figure 3K) and 2 (Figures S5G and S5H). Longitudinal

lab results showed normal liver and kidney function for all three

animals (Figure S4). These data suggest that islets transplanted

in the bioengineered omentum survived and enabled
rts Medicine 4, 100959, March 21, 2023 5
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Figure 4. Systemic immunosuppression effectively diminishes B and T cell populations

Immune population dynamics in peripheral blood were assessed.

(A–C) White blood cells (blue line, left axis) and lymphocyte absolute counts/mL (red line, left axis) and lymphocyte percentage of WBC (black line, right axis) flow

cytometry showed that posttransplant lymphocytes remained mostly depleted during the first 1–2 months, followed by a gradual and partial recovery toward the

end of this study for animals 1 (A) and 2 (B). For animal 3, the number of lymphocytes stayed low during the study, but the lymphocyte percentage increased and

reached peak level on day 32 when the animal became ill (C).

(D–F) Flow cytometry posttransplant showed similar trends for CD3+CD4+ cells (red line) and CD3+CD8+ cells (black line) populations for all animals.

(G–I) Flow cytometry posttransplant showed that CD3�CD20+ cells were almost completely depleted and remained so during the first 2 months, followed by a

gradual and partial recovery toward the end of the study.
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normoglycemic glucose homeostasis without exogenous insulin

administration, establishing the validity of the omentum bioengi-

neering approach and the using omentum as an alternative

transplant site that is feasible and safe for allogenic islet

implantation.

Systemic immunosuppression effectively protects graft
survival
We examined lymphocyte subsets by flow cytometry pretrans-

plant and multiple prespecified time points posttransplant. For

all three animals, T and B cell subset staining by flow cytometry

showed effective deletion of both T and B cells by the treatment

regimen posttransplant (Figure 4). For animals 1 and 2, post-

transplant lymphocytes remained mostly depleted during the

first 1–2 months, followed by a gradual and partial recovery

toward the end of the study. T cell counts dropped to

250–2,500/mL posttransplant compared with 3,800–5,500/mL

pretransplant (Figures 4A and 4B). B cells were almost

completely deleted for the first 2 months for both animals
6 Cell Reports Medicine 4, 100959, March 21, 2023
(Figures 4G and 4H). For animals 1 and 2, the absolute counts

of circulating CD4+ and CD8+ memory cells remained low

throughout the study, especially the CD8+ population. Naive

T cells (CD95�CD28+) and CD4+ central memory cells

(CD4+CD95+CD28+) started to increase 1 month posttransplant,

but CD4+ effector memory cells (CD4+CD95+CD28�) did not

(Figures S2A, S2B, S2D, and S2E).

For animal 3, posttransplant lymphocyte counts ranged from

300 to 900/mL during the first 3 weeks compared with 3,650/

mL pretransplant. B cells were almost completely deleted and

remained so throughout the study course (Figures 4C, 4F, and

4I). Coincidentally, on day 32, when the animal became ill, the

lymphocytes increased both in percentage and in absolute count

in the blood. In parallel with this increase, memory cells (effector

memory [CD95+CD28�], central memory [CD95+CD28+]) of

CD4+ and CD8+ cells in the circulation also increased

(Figures S2G and S2H). DSAs were also detected at high titer

at 1 month posttransplant, especially IgG-MHC II at about 50

times relative to naive (Figure 5F). All these increases suggest
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Figure 5. Recipients display suppressed changes in pre- to posttransplant IFN-g-secreting cell numbers, anti-donor MHC antibodies, and

CD4+ and CD8+ T cell MLR to donor and third-party stimulators

(A–C) ELISpot IFN-g counts per onemillion PBMCs for the donor (red bar) and third-party (blue bar) stimulation for all subjects (n = 2 technical replicates). Animal 1

showed a decrease in the frequency of IFN-g-secreting cells in circulation between pre- and posttransplant time points (A). Animals 2 (B) and 3 (C) showed a slight

increase of IFN-g-secreting cells posttransplant, but all within the normal range of naive or tolerated animals, which can be up to 1,000 spots permillion PBMCs.27

(D–F) Serum samples were incubated with donor PBMCs, and the degree of IgG binding to either MHC I or MHC II was analyzed by flow cytometry to detect

alloantibody response (n = 2 technical replicates). TheMFI readings when the animal is naive is defined as 1 for each animal. MHC I (blue bar) andMHC II (red bar)

at different time points demonstrated no donor-specific activation for animals 1 (D) and 2 (E) during the study except for animal 2, which had an increase of MHC II

at 1month posttransplant, possibly due to the residual anti-CD20 administered. For animal 3, anti-donor-specific antibodieswere detected at high titer at 1month

posttransplant, especially IgG-MHC II was elevated at about 50 times relative to naive (F) when the animal was ill.

(G–J) Mixed lymphocyte reaction to CD4+ (G and I) and CD8+ (H and J) to the donor (red bar) and third-party (blue bar) stimulators demonstrated marked de-

creases in both CD4+ and CD8+ compartments compared with pretransplant levels when exposed to the irradiated donor or third-party PBMCs (n = 2 technical

replicates).
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that animal 3 contracted an infection during the study, but blood

cultures and serum CMV both resulted negative.

No alloreactive antibodies were detected during the study

course (Figures 5D and 5E) for animals 1 and 2 except that there

was an increase of IgG-MHCII at 1 month posttransplant for an-

imal 2 possibly due to a confounding factor of uncleared anti-

CD20 in the blood. In one-way carboxyfluorescein diacetate

succinimidyl ester-MLR assays, the change in proliferation of

CD4+ and CD8+ cells in animals 1 and 2 markedly decreased

compared with pretransplant levels when exposed to irradiated
donor or third-party PBMCs (Figures S1G–S1J). When analyzing

the cytokine/chemokines dynamics during the study course,

compared with pretransplant (naive), serum type I cytokines

such as IL-1b, IL-12, IL-17, TNF-a, and IFN-g (Figures S3A–

S3E), type II cytokines such as IL-1RA, IL-5, and IL-6

(Figures S3F–S3H), and proinflammatory chemokines such as

CXCL 10, 11, 19, and 22 and CCL3 and CCL4 (Figures S3I–

S3Q) all fluctuated within the normal range of naive animals

(data collected from samples of 11 naive animals to generate

the normal range) except for animal 3. Inflammatory chemokines
Cell Reports Medicine 4, 100959, March 21, 2023 7
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MCP-1 (CCL2), I-TAC (CXCL11), and MIG (CxCL9) showed

above normal ranges when animal 3 became ill (Figures S3M,

S3O, and S3P). We did not observe any consistent trend for

growth factors such as EGF, FGF, and HGF. The absence of ev-

idence of graft rejection, together with the immune profiling data,

suggested that the adapted immuno-suppression protocol suc-

cessfully repressed effector responses against grafts and other

reactivities, protecting islet survival in this setting. In summary,

the absence of evidence of graft rejection, together with the im-

mune profiling data, suggests that our adopted immunosuppres-

sion protocol successfully suppressed effector responses

against the graft, protecting islets survival in this setting.

DISCUSSION

During intraportal administration of pancreatic islets, the islets

lodge inside the liver capillary bed.4,5 This site has been used

almost exclusively in clinical islet transplantation, primarily

because it has been the only site with consistently demonstrated

efficacy for engraftment and sustained graft function. However, is-

lets infused intraportally results in contact with blood inducing

IBMIR and the immediate loss of approximately 50% of the trans-

planted b cell mass and progressive graft dysfunction over time,

often requiringadministrationofexogenous insulin.4–7 Intrahepatic

transplantation also limits the tissue volume that can be trans-

planted, and it also exposes islets to toxic levels of immunosup-

pressants in the portal circulation.29 Importantly, transplanted

islets cause hepatic steatosis30 and are not retrievable if any unde-

sirable side effects occur, such as tumorigenicity when SC-islets

are used as the source of the graft. While the omentum features

an ideal extrahepatic alternative site, prolonged euglycemia has

not been achieved in either NHPs or humans to demonstrate its

efficacy for clinical islet transplantation. We transplanted alloge-

neic islets into a bioengineered omentum pouch of an STZ-

induced diabetic NHP model under immunosuppression. Herein,

we demonstrate that full euglycemia and insulin independence

are achieved by transplanting islets to the omentum in a one

donor-one recipient fashion in all NHP recipients.

The omentum is an alternative well-described extrahepatic site

for islet transplantation. It is a large and thin apron-like fold of the

visceral peritoneum that hangs down from the stomach to cover

the intra-abdominal viscera.31 It has a number of noteworthy

features for islet transplantation including (1) a more optimal envi-

ronment for the initial transplant engraftment propelled by its rich

microvascular beds and tissue regeneration properties,31–34 (2)

reduced initial graft tissue loss because of the lack of interface

with blood and resulting IBMIR, (3) immune modulation and privi-

lege properties to protect grafts,20,35 (4) reduced graft exposure

to toxic levels of immunosuppressants, and (5) easily accessible

to monitor grafts and having non-vital site status to allow removal

of grafts should undesired complications occur. While successful

outcomes using the omentum as the transplantation site have

been achieved in small animalmodels,21 prolongedposttransplant

euglycemiahasnotbeenachieved ineitherpreclinicalNHPmodels

or in the clinical setting of T1D either by naked islets9,22,25,36 or

encapsulated islets.8 In this study, the method of engineering the

omentumprovidedadditional benefits to thegraft. As experimental

data suggest, it takes about 2 weeks for transplanted islets to re-
8 Cell Reports Medicine 4, 100959, March 21, 2023
establish vascularization.37,38 Thus, the early survival of the islets

relies on passive diffusion from surrounding tissue. Here, the im-

plantation procedure applied allows: (1) islets to be evenly distrib-

uted on the omentum surface and to be immobilized in situ with a

thin adherent biologic scaffold avoiding islets pelleting, (2) folding

the omentum on the scaffold creates a pouch that, with double

outer omental layers, containsgrafts resulting in an increase of sur-

face contact to the surrounding omentum. As a result, the bio-

engineered omental microenvironment not only allows islets to

get nutrients and oxygen from the surrounding rich microvascula-

ture throughpassivediffusionduring the immediate transplantation

period, but also provides access to healthy capillary beds to allow

for the delivery of insulin into the portal or systemic circulation.

In our previously reported experience with intrahepatic islet

transplantation in NHPs, a therapeutic dose of �25,000 IEQ/kg

of recipient body weight was required for full insulin-free robust

normoglycemia.27Also, other reports suggest that agreater num-

ber of IEQ/kgmay be required to achieve insulin independence in

the omentum compared with the liver.22,25,36 In this study, we

transplanted three recipients with doses of islets averaged at

16,000 (15.5–17.6K) IEQ/kg of recipient body weight from rela-

tively small donors using only one donor per recipient. Despite

the islet dosebeingmarkedly lower thanourprevious intrahepatic

islet transplant studies,27 full insulin independence and euglyce-

mia were achieved in vivo and IVGTT revealed robust glycemic

control at both 1 and 3 months posttransplant, comparable with

the glucose disposal dynamics when these animals were naive

(Figures 2D and 2E). Fasting and stimulated blood insulin and

C-peptide levels were undetectable after diabetes induction

before transplant, but at 1 and 3months posttransplant the levels

were comparable with that of the naive animals (Figures 2F and

2G). Weekly fasting BG readings demonstrated that all animals

consistently achieved fasting BG below 100 mg/dL throughout

the study duration within the normal range (30–110 mg/dL) of

naive healthy cynomolgusmonkeys. Evidence of robust revascu-

larization and reinnervation revealed in the transplanted islets at

autopsy (Figures 3H, 3I, S5E, and S5F) may have contributed to

the improved glycemic control over time demonstrated by

IVGTT and fasting BG in this study (Figures 2E and 2H). The

only exception was that animal 3 developed rejection after

suffering infection on day 32. These functional data suggest

that the omentum provides an efficient and effective site for islet

engraftment and function to fully reverse diabetes. The omentum

is alsoeasily accessiblebyaminimally invasiveapproach, andwe

safely performed the transplantation procedure without any sur-

gical complications such as bleeding or incision-related compli-

cations. We did not observe any abdominal organ dysfunction

peritransplant, nor any development of adherence to the intestine

or the abdominal wall. We found no gross evidence of changes in

the abdominal organs at necropsy in our study. Theoretical com-

plications as discussed above could accompany transplantation

to the omentum; however, these should be very rare. Other

important facets of this study are that the omentum is a clinically

relevant transplant site and the immunosuppression regimen

adopted is composed of all clinically available medications.

Comparing the NHP and human studies reported in literature

with our current report, all studies adopted the omental technique

that was first introduced by Baidal and co-workers9,22,25,36,39 and,
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while all studies transplanted islets in a one-donor to one-recipient

fashion, full diabetic control without exogenous insulin was only

achieved in this study.A few factorsmight contribute to this obser-

vation: (1) isletmass in termsof recipient bodyweight for the recip-

ients in our current study had a higher average of 16,800

(15.5–17.6K) IEQ/kg vs. 8,700 IEQ/kg of Berman et al.’s NHP

study36 vs. 11,300 IEQ/kg for Baidal et al.’s clinical study25; (2)

wemayhaveutilizeda stronger immunosuppression regimencon-

sisting of Thymo and Rituxan induction with the maintenance of

Rapa vs. just one dose of SA-Fas-Lmicrogels at the time of trans-

plant withRapamonotherapy posttransplant of our recent report9;

the other two studies utilized a regimen of Thymo and CTLA-4 Ig

for induction, with the maintenance of sirolimus adopted by Ber-

man et al. vs. a regimen of Thymo and etanercept induction with

mycophenolate sodium and tacrolimus (tacrolimus was switched

to sirolimus at 8 months) adopted by Baidal et al. Rituxan might

be of special interest in our study as B cells have been shown to

serve as important antigen-presenting cells and contribute to the

generation of T effector and memory response.40 Several studies

havedemonstrated thatBcelldepletionprevents thedevelopment

of T memory (CD4+ and CD8+) responses after infections and

transplantation.41–44 Importantly, a recent study has shown that

Tcells acquireCD20via trogocytosiswhen responding toantigens

presentedbyBcells.CD20+ Tcells haveaugmentedeffector func-

tion comparedwith CD20� T cells in settings of autoimmunity and

cancer.45,46 Moreover, B cell depletion has been shown to pro-

mote tolerance to allogeneic islets inNHPsevidently by promoting

theexpansionof regulatoryBcells.26 Therefore, in this study,Bcell

depletion may have contributed to dampening peritransplant in-

flammatory cascades, preventing the activation and expansion

of alloreactive Teffs, mitigating antibody-mediated chronic graft

injury, and contributing to immune regulation.

We did not use intrahepatic (or other locales) transplanted an-

imals as contemporaneous controls for transplanting a similar

number of islets because the study was not intended to evaluate

the superiority of the omental site over other sites; but, rather, the

primary focus was to evaluate the suitability of the omentum site

for islet transplantation. Also, in this pilot study, control animals

maynot beneeded formultiple reasons: (1) STZ-induceddiabetic

models are commonly used indiabetic researchwith a single high

dose of STZ administration, which results in near total ablation of

b cells causing all animals to suffer from hyperglycemia and ke-

toacidosis resulting in death without intervention.47,48 (2) Suffi-

cient natural b cell regeneration to reverse diabetes following a

high dose of STZ has never been reported in STZ-treated NHP

animals,48–51 and a rich literature, including our own, showed

that STZ-induced NHPs reverted to diabetes after graft rejection

or removal after islet transplantation.9,27 (3) The results herein

demonstrated that overt diabetes induced by STZ resulted in

no insulin and C-peptide secretion in our study, but subsequent

full euglycemia and independence of exogenous insulin using a

one donor to one recipient islet transplant that consistently

restored euglycemia in all three animals (fasting BG; Figure 2H).

These results were more robust than our previous intrahepatic

transplant and intrapleural space transplant experience in which

an even higher number of islets were transplanted.19,27 (4) Native

pancreas histology was devoid of islet structures and insulin

staining (Figures 3J, 3K, S5G, andS5H), also indicating that post-
transplant glucose control was due to the function of the trans-

planted islets, and not attributable to the recovery of native islets.

In summary, using the omentum as an alternative site for islet

transplantation was first carried out 50 years ago.20 The current

studies using a simple combination of the recipient’s autologous

plasma and thrombin to bioengineer the omentum to create a

favorable microenvironment for host islets are validating that

omental islet transplantation can be a safe and effective

approach to achieve insulin independence in a preclinical immu-

nosuppressed NHP model. This study may also represent an

example of successfully engineering the transplant site for cell

therapy in general. Given the attributes of the omentum,

including the absence of IBMIR, a large space to host the mate-

rial, rich access to healthy capillary beds, immune modulation

and privilege, easy accessibility, and having non-vital site status

to allow removal of grafts should undesired complications

happen, the omentum could be considered as one of the most

attractive sites for islet, SC-islet, or bioengineered new cell trans-

plantation. This relevant preclinical study is translational to

develop strategies for b cell replacement in the clinic.

Limitations of the study
There are some noteworthy limitations of this study. Given the

complexity, logistics, ethics, and expense of each animal trans-

planted, NHP transplant experiments impose limitations on the

number of recipients that can be performed. This pilot NHP study

includes a small number of subjects. Although the STZ-induced

NHP diabetes model provides a rigorous test of allogeneic islet

transplantation, it does not involve autoimmunity, an important

consideration when transplanting in the setting of human T1D. In

the current study, the preparation of NHP islets employed was

relatively pure (80%–95%), whereas human preparations may

contain as much as 70% exocrine tissue that could induce both

local inflammation in the omentum and degradation of islets due

to enzyme release in a confined space. This concern, however,

was addressed in Berman et al.’s study36 and may be avoided

completely in the future when highly pure SC-islet products

become available. Finally, the omentum of a small primate is a

thin gossamer-like vascularized membrane that is not fat-laden

and thick. Thehumanomentum isoftendissimilar to thatof thepri-

mate. Although this study supports omentum as an alternative to

intraportal transplantation in NHPs, a longer study duration with

deeper mechanistic investigations should be of value. Additional

studies such as the kinetics of revascularization and innervation,

and the longevity of the transplanted islets, would be investigated

under this setting towell establish the validity of this site for clinical

islet transplantation. In addition, future studies could explore

whether the bioengineering approach can be developed further

to involveapproaches toprotect the islets from inflammatorychal-

lenges and recurrence of autoimmunity, which still constitute ma-

jor barriers to successful islet transplantation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and pairing selection
Naive, captive bred, male or female cynomolgus monkeys (Macaca fascicularis) were purchased from Charles River Laboratory

(Houston, TX). All animals were certified under the standards of United States Interstate and International Certificate of the Health

Examination for Small Animals. Bacteriologic and serological tests were performed on each animal to ensure that they were not in-

fected with parasites, Salmonella/shigella or TB bacteria, STLV, SIV, Herpes B, and Schmidt-Ruppin virus prior to being transported

toMassachusetts General Hospital Center for ComparativeMedicine and Laboratory Animal Services (CCM) for housing. At CCM, all
Cell Reports Medicine 4, 100959, March 21, 2023 e1
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animals had a continuous water supply and were fed 3 times (7:00a.m., 11:00a.m., 2:00p.m.) daily with certified primate food

(LabDiet, Catalog # 5038), supplemented with fresh fruit twice daily (9:00a.m., 3:30p.m.). Study protocol was approved by the Insti-

tutional Animal Care and Use Committee at the Massachusetts General Hospital Research Institute.

After an 8-week quarantine period at CCM, blood was drawn for ABO typing, MHC genotyping analysis (AIDS Vaccine Research

Labs, University of Wisconsin, Madison, WI), and T cell subset analysis before transplantation. The Recipient also underwent training

for 3months to develop cooperation with procedures, such as drug administration, hand feeding, and voluntary presentation of its tail

to facilitate blood draw for blood glucose measurement. Donors and recipients were paired based on ABO blood group compatibility

andMHCmismatching. In this pilot study, three donors and three recipients entered the study for a duration of 90 days posttransplant

(Figures S1A–S1C).

Treatment regimen
Recipient animals received the therapy regimen as outlined in Figure 1B. The day of allogeneic islet transplantation is defined as day

0. The treatment regimen included: (1) Thymoglobulin (Anti-thymocyte Globulin-Rabbit, Genzyme, Cambridge, MA) I.V. 5.0 mg/kg on

day�3 and day 0, day+5 and day +10; (2) Rituxan (Anti-CD20) I.V. 375 mg/m2 on day 0 and day +5; (3) Rapamycin (LC Laboratories,

Woburn, MA) at an initial dose of 0.1 mg/kg I.M., daily for 3 months total, starting on day �3 adjusted for target blood trough level of

10–20 ng/mL (Figure S1D). Islets were implanted onto the omentum (Figure 1C). Per our standard management for both human and

NHP islet transplants, low dose daily insulin (2–4 units) was administrated for the first 28 days posttransplant to promote islet engraft-

ment by facilitating islet ‘‘rest’’.

Diabetes induction and management
The recipient NHPs received streptozotocin (STZ) I.V. at the dose of 75 mg/kg (Zanosar, Teva Parenteral Medicines, Irvine, CA).

Thereafter, blood glucose (BG) levels were monitored twice daily via tail pricking (Accu-check Aviva, Roche Diagnostics, Indianap-

olis, IN). Diabetes was defined as three consecutive fasting BG readings >300 mg/dL and C-peptide levels <0.5 ng/mL (Mercodia

C-peptide ELISA, Mercodia AB, Uppsala, Sweden). The post-STZ period is defined as from the time of STZ injection until the day

of islet transplantation. Posttransplant graft rejection was defined as three days of consecutive fasting BG> 180mg/dL or non-fasting

BG > 250 mg/dL. Insulin (Humulin R and Lantus, Lilly, Indianapolis, IN) was administered by sliding scale to achieve BG < 250 mg/dL

pretransplant or after graft rejection was defined.

METHOD DETAILS

Donor pancreatectomy
Donor pancreatectomy was performed on the same day as islet transplantation. In brief, a median sternotomy with a midline abdom-

inal incision was performed. Once a 12-gauge cannula connected to an infusion set of hypothermic University of Wisconsin organ

preservation solution was placed into the aorta at the renal artery level, I.V. 2000 U of heparin (SAGENT Pharmaceuticals INC.,

Schaumburg, IL) was given. Subsequently, the abdominal aorta was cross clamped at the sub-diaphragmatic level. Lesser sac

was packed with iced saline while 1000 mL of UW solution was delivered from the aorta cannula for perfusion. The inferior vena

cava was transected to provide unimpeded venous drainage during perfusion. The entire pancreas was mobilized and excised.

Islet isolation and transplantation
The protocol of islet isolation was based on amodified human islet isolation procedure as previously reported.27 Briefly, the pancreas

was enzymatically digested using purified Thermolysin and Collagenase blend (Vitacyte, Indianapolis, IN). Islets were purified from

the digestion using a continuous Optiprep gradient (densities 1.11 to 1.06) and COBE 2991 blood cell processor (Gambro BCT, Inc,

Lakewood, CO) to separate islets from exocrine tissue. Samples taken from different fractions after purification were used to assess

the purity of each cell fraction. Only fractions with >50% purity by dithizone stain were combined for transplantation. Final islet prep-

arations were enumerated by manual counting, sizing, and converting islet particle number (IPN) to islet equivalents (IEQ) based on a

150-mm diameter.

Islets were then resuspended into 3 mL autologous recipient’s plasma supplemented with heparin (70 units/kg of recipient body

weight) when ready for transplantation. Under general anesthesia, a small midline abdominal incision was performed. The omentum

wasmobilized and draped over on a sterile moist towel with minimal manipulation (Figure 1c1-c2). The islet suspension was carefully

dripped onto the omentum surface and immobilized on the omentum by topical recombinant thrombin (Recothrom, Mallinckrodt

Pharmaceuticals) layered over the islet slurry; followed by another layer of autologous plasma to create a degradable biologic fibrin

matrix; the omentum was then folded onto itself and held in place by the thrombin-induced fibrin glue as previously reported9,22,25,39

(Figure 1c3-c6). This process is to bioengineer the omentum to form a pouch, amicroenvironment to contain islets, and increase graft

contact surface with the omentum.

Intravenous glucose tolerance test (IVGTT)
Animals were sedated with ketamine hydrochloride after overnight fasting. 22-gauge catheters were placed into bilateral saphenous

veins for glucose delivery and blood sampling separately. 50% dextrose (Hospira INC., Lake Forest, IL) solution (0.5 g/kg) was
e2 Cell Reports Medicine 4, 100959, March 21, 2023
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injected over a 30 s period at t = 0. Blood samples were taken before glucose injection and at 1, 3, 5, 10, 15, 20-, 30-, 60-, and 90-min

post-injection to measure blood glucose. Serum samples were frozen at�80�C for subsequent analysis. Insulin and C-peptide were

measured in duplicate by ELISA kit (Mercodia AB, Uppsala, Sweden, Cat#,10-1132-01 and 10-1141-01).

Preparation of cynomolgus peripheral blood mononuclear cells (PBMC)
PBMCs were isolated from whole heparinized blood using a Percoll density gradient method. Briefly, 10 mL of blood is transferred to

a 50 mL conical tube prefilled with 35 mL of sterile saline solution. Next, 10 mL of 60% Percoll gradient (Sigma, St. Louis, MO) was

pipetted to underlay the diluted blood. The layered solution was centrifuged at 2000 rpm(700g) for 30-min at room temperature with

the brake turned off. The PBMC-rich buffy layer is harvested and contaminating red blood cells were removed by standard water

shock treatment. PBMCs were washed three times with 1x PBS and viable cells were counted by trypan blue exclusion. PBMCs

were either frozen at �80� and then stored in liquid nitrogen or used immediately for assays.

Flow cytometric analyses
Fresh blood cells (<6 h) were labeled with FITC-, PE-, PerCP- or Allophycoerythrin (APC)-conjugated antibodies including CD3, CD4,

CD8, CD16, CD20, CD95, CD28, CD21, or IgM (BD Pharmingen, San Jose, CA). FACSVerse TM flow cytometer (Becton Dickinson,

San Jose, CA) and FlowJo software (TreeStar Inc., Ashland, OR) were used for PBMCs subset analysis.

Detection of anti-donor alloantibody (IgG)
Donor PBMCs were first incubated with recipient serum for 30 min at 4�C, followed by Alexa Fluor 488-conjugated goat anti-human

IgG mAb (Jackson Immunoresearch, West Grove, PA) for 30 min at 4�C. PBMCs were co-stained with PerCP conjugated anti-CD20

mAb (BD Phamingen, San Diego, CA) and IgMAPC anti-human (BD Pharmingen, San Jose, CA) for 30min at 4�C. After washing, cells

were fixed with 2%paraformaldehyde (Santa Cruz Biotechnology, Santa Cruz, CA) and analyzed with BD FACSVerse TM flow cytom-

eter. A storedmixture serum frommore than four previously rejectingmonkeys was used as positive control. A positive reaction of the

T and B cells was defined as a shift greater than pretransplant serum control.

Histology
Samples from liver, spleen, intestine, lymphoid, lung, heart, omentum and native pancreatic tissue were fixed in 10% formaldehyde

before being processed and embedded in paraffin. Serial sections of 5 mm thickness were cut. Hematoxylin-eosin (H&E) staining was

performed for routine histology. For the sections of the omentum and pancreas, immunohistochemistry was also conducted by using

various antibodies: anti-insulin antibody (DAKO Cytomation, Carpinteria, CA), anti-CD3 and anti-CD20 antibodies (Biocare Medical,

Concord, CA). Biotinylated-HRP secondary antibodies were used, and signals were detected by DAB (Vector labs, Burlingame, Ca).

Slides were counterstained with hematoxylin and mounted. To investigate graft microvasculature and neuro regeneration, 5-mm

sections of paraffin-embedded omentumwere dewaxed using xylene and rehydrated through serial dilutions of Ethylalcohol. Depar-

raffinized sections were subjected to heat-induced antigen retrieval using 10mMcitrate (pH 6.1). The sections werewashed, blocked

with 5% donkey serum for 1 h, and incubated overnight at 4�C with the primary antibodies’ guinea pig anti-insulin (1:400; Abcam,

cat#ab7842), mouse anti-CD31 (1:100; Abcam, cat#ab9498), mouse anti-Beta 3 tubulin (1:100; Thermo fisher, cat# MA1-118X).

Slides were washed in PBS and incubated for 1 h at room temperature with the secondary antibodies Alexa 488-conjugated anti-

guinea pig, Alexa 594-conjugated anti-mouse (1:400; Jackson ImmunoResearch Laboratories) and counterstained with DAPI for

5 min. Three representative sections from each animal were viewed and photographed using a fluorescent microscope (Axio Imager

A2; Zeiss) equipped with a Axiocam 512 color camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Due to the small number of transplants in this pilot trial, data were not analyzed using statistical models.
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