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Abstract

Aims/hypothesis—Patients with autoimmune type 1 diabetes transplanted with pancreatic islets 

to their liver experience significant improvement in quality of life through better control of blood 

sugar and enhanced awareness of hypoglycaemia. However, long-term survival and efficacy of the 

intrahepatic islet transplant are limited owing to liver-specific complications, such as immediate 
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blood-mediated immune reaction, hypoxia, a highly enzymatic and inflammatory environment and 

locally elevated levels of drugs including immunosuppressive agents, all of which are injurious to 

islets. This has spurred a search for new islet transplant sites and for innovative ways to achieve 

long-term graft survival and efficacy without life-long systemic immunosuppression and its 

complications.

Methods—We used our previously established approach of islet transplant in the anterior 

chamber of the eye in allogeneic recipient mouse models and a baboon model of diabetes, which 

were treated transiently with anti-CD154/CD40L blocking antibody in the peri-transplant period. 

Survival of the intraocular islet allografts was assessed by direct visualisation in the eye and 

metabolic variables (blood glucose and C-peptide measurements). We evaluated longitudinally the 

cytokine profile in the local microenvironment of the intraocular islet allografts, represented in 

aqueous humour, under conditions of immune rejection vs tolerance. We also evaluated the recall 

response in the periphery of the baboon recipient using delayed-type hypersensitivity (DTH) assay, 

and in mice after repeat transplant in the kidney following initial transplant with allogeneic islets 

in the eye or kidney.

Results—Results in mice showed >300 days immunosuppression-free survival of allogeneic 

islets transplanted in the eye or kidney. Notably, >70% of tolerant mice, initially transplanted in 

the eye, exhibited >400 days of graft survival after re-transplant in the kidney without 

immunosuppression compared with ~30% in mice that were initially transplanted in the kidney. 

Cytokine and DTH data provided evidence of T helper 2-driven local and peripheral immune 

regulatory mechanisms in support of operational immune tolerance towards the islet allografts in 

both models.

Conclusions/interpretation—We are currently evaluating the safety and efficacy of intraocular 

islet transplantation in a phase 1 clinical trial. We now demonstrate immunosuppression-free long-

term survival of intraocular islet allografts in mice and in a baboon using transient peri-transplant 

immune intervention. These results highlight the potential for inducing islet transplant immune 

tolerance through the intraocular route. Therefore, the current findings are conceptually significant 

and may impact markedly on clinical islet transplantation in the treatment of diabetes.

Keywords

Allogeneic rejection; Anterior chamber of the eye; Immune tolerance induction and maintenance; 
Immunosuppression-free; Intraocular transplantation; Long-term graft survival; Non-invasive 
longitudinal intravital imaging; Pancreatic islet transplant; Th2 cytokines

Introduction

To restore or induce immune tolerance is the holy grail of organ, tissue and cell replacement 

therapies through transplantation. Current transplantations rely on immunosuppression to 

prevent immune-mediated graft rejection. Pancreatic islet transplantation is a promising 

therapy for autoimmune type 1 diabetes. A recent phase 3 trial by the Clinical Islet 

Transplantation Consortium on islet transplantation to the liver in individuals with 

uncontrolled type 1 diabetes showed significant improvement in blood sugar control and 

reduction in the number of episodes of hypoglycaemia [1]. While this and other previous 

reports have shown significant enhancement in the quality of life of the recipients [2], it has 
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also become evident that the long-term benefits of intrahepatic islet transplantation are 

limited by liver-specific complications, such as low oxygen tension, immediate blood-

mediated immune reaction (IBMIR), a highly enzymatic/inflammatory environment and 

elevated drug levels including immunosuppressive agents, all of which are injurious to 

intrahepatic islet grafts [3]. This has spurred a vigorous search for new islet transplant sites 

and several sites are being investigated, such as the omentum, the subcutaneous and 

intramuscular spaces, the bone marrow and the anterior chamber of the eye [4–9]. It should 

also be noted that realising the full potential of clinical islet transplantation as a long-lasting 

therapy in type 1 diabetes requires not only protection of the transplanted islets from 

immune damage but also protection from other ‘non-immune’ injury as has been shown to 

occur in the liver. Therefore, there is a keen interest in the transplantation field in finding 

innovative ways to induce transplant immune tolerance to ensure long-term graft acceptance 

(e.g. islets) without the complications of immunosuppression [10, 11].

We now present evidence that islet transplantation in the anterior chamber of the eye offers 

various unique benefits including the potential for long-term graft survival without sustained 

immunosuppression. Based on this and our extensive experience with intraocular islet 

transplantation [8, 12–14], we have become interested in the anterior chamber of the eye as a 

clinical site for islet transplantation and are currently evaluating its safety and efficacy in a 

legally blind type 1 diabetes patients in a phase 1 clinical trial (ClinTrials.gov registration 

no. NCT02846571). We believe clinical islet transplantation in the eye is promising in the 

treatment of type 1 diabetes [8, 9]. Our findings consistently indicate that islets thrive 

immediately after transplantation into the anterior chamber of the eye, likely due to the high 

local oxygen tension in the aqueous humour, which is comparable to that in the native 

pancreas [15–17]. Additionally, islets transplanted in the eye can be monitored non-

invasively and longitudinally [8], which enables early detection and timely intervention 

against rejection if or when needed. Our previous studies have shown that intraocular islet 

grafts are retained indefinitely in syngeneic MHC-matched recipient mouse models of 

diabetes [12, 18] but they are rejected in allogeneic (i.e. MHC-mismatched) recipients when 

transplanted without immune intervention [13, 19]. The current studies, however, 

demonstrate the feasibility of long-term immunosuppression-free survival of islet allografts 

in the eye of allogeneic diabetic recipient mice and a baboon treated transiently with 

immunotherapy. Importantly, the technical features of islet transplantation in the eye 

combined with evidence for associated induction of operational immune tolerance in the 

clinically relevant non-human primate model further highlight this technique’s promise in 

clinical application.

Methods

Animals and reagents

All studies were performed under protocols approved by the University of Miami’s 

Institutional Animal Care and Use Committee (IACUC). The anti-CD154 antibody (mouse 

clone MR-1) was obtained from Bio-X-Cell (USA) and for non-human primates (clone 5C8) 

was obtained from Non-Human Primate Reagent Resource (AI126683 and OD10976) at the 
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National Institutes of Health (NIH). See electronic supplementary material (ESM) Methods 

for further details.

Pancreatic islet isolation and islet transplantation

Islet isolation from donor mice (DBA/2 both sexes) or a male non-sibling donor baboon and 

transplantation into the anterior chamber of the eye or under the kidney capsule of recipient 

mice (C57BL/6; B6, both sexes) or the eye of the female baboon (n=1),were performed as 

previously described in detail [8, 20–23] (also see ESM Methods for further details). The 

recipient female baboon (4 years old, 8.2 kg body weight at the time of transplant) was 

rendered diabetic by partial pancreatectomy 557 days prior to islet transplantation, followed 

by streptozotocin (STZ) treatment (see EMS Methods) and was infused on the day of 

transplantation with 40,000 IEQs (i.e. 4900 IEQ/kg body weight) in the right eye only. 

However, there was a technical complication, possibly due to known inter-individual 

variability in islet quality from preparation-to-preparation following isolation from non-

human primate donors; this resulted in islet clumping during the first few days after 

transplantation. Islets that were not in direct contact with the iris after infusion into the 

anterior chamber ‘clumped’ together and disappeared within 10 days after transplant, as was 

confirmed by direct monitoring of the islet graft. Consequently, the remaining islet mass 

following this initial phase was estimated at ~600 IEQ/kg based on the islet graft surface 

area before and after the clumping occurred and this was assumed to be the functional islet 

mass in the recipient baboon throughout the study. After diabetes induction, as well as post 

islet cell transplant, blood glucose plasma levels were monitored two or three times daily via 

heel stick using a OneTouch Ultra Glucometer (LifeScan, Milpitas, CA, USA). 

Subcutaneous insulin was administered (Humulin R; Eli Lilly, Indianapolis, IN, USA or 

Humulin R + Lantus; Sanofi-Aventis, Bridgewater, NJ, USA) as needed, based on an 

individualised sliding scale, aiming for fasting and postprandial plasma glucose levels of 

9.00–15.00 mmol/l post-STZ and prior to transplantation, and 6.00–12.00 mmol/l after islet 

transplantation. Clinical monitoring was performed by daily observation and regular 

monitoring of clinical signs, fluid balance, body weight, body temperature and nutritional 

intake. Blood samples were drawn pre- and post-transplant to assess fasting plasma C-

peptide (enhanced chemiluminescence immunoassay, Cobas 6000 analyzer; Roche 

Diagnostic, USA), serum chemistries, cell blood count (CBC), HbA1c (DCA 2000+ 

Analyzer; Bayer, Elkhart, IN, USA) and cytomegalovirus (CMV) levels (not shown) were 

measured as previously described in detail [24].

Trans vivo delayed-type hypersensitivity assay

Trans vivo delayed-type hypersensitivity (DTH) assay was performed as previously 

described in detail [25, 26] to assess immune reactivity (or lack thereof) of the recipient 

baboon to the specific islet donor (see EMS Methods for further details). The extent of 

bystander immune suppression was measured as % inhibition of recall antigen response in 

trans vivo DTH in the presence of donor antigen according to the following formula:

% Inhibition = 1 − Recall Ag + Test Ag / Recall Ag × 100%
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where the ‘Recall Ag’ is tetanus toxoid and diphtheria (TT/D) antigen and the ‘Test Ag’ is 

soluble test antigen prepared from frozen splenocytes (12 × 106 in 100 μl) by sonication 

followed by centrifugation (16,000 g) to remove large cell fragments [26]. The splenocytes 

were obtained from the donor baboon from which the transplanted islets were isolated (i.e. 

‘Donor Ag’) and third-party control baboons (i.e. Ctrl Ag 1 and Ctrl Ag 2). The following 

antibodies were used for cytokine neutralisation in the trans vivo DTH assay: anti-human 

IL-10 LEAF (used at 10 μg; BioLegend 501407, Clone: JES3–9D7); anti-human L-12/IL-35 

p35 (1 μg; R&D Systems MAB1570); anti-human Ebi3 (1 μg; a generous gift from D. 

Vignali); and anti-human TGF-β1 (25 μg; R&D Systems AB-100-NA). The following Ig 

isotype controls were used: mouse IgG1 (1 μg); rabbit IgG (25 μg) and rat IgG1 K (10 μg; 

BioLegend 400414, Clone: RTK2071).

Statistical analysis

Experimenters were blinded to group assignment and outcome assessment whenever 

possible. Data were plotted and analysed in GraphPad Prism version 6.07. Statistical 

analyses were done using parametric and non-parametric comparisons tests (unpaired 

Student’s t test and one-way ANOVA followed by Tukey’s multiple comparison test) and, 

where applicable, data were fit with linear or non-linear regression functions. Islet allograft 

survival analysis was based on Kaplan–Meier survival curves and comparison of the median 

survival times was done by the Logrank (Mantel–Cox) test. Frequency distribution 

histograms were generated using automatic binning and the histograms were fit with non-

linear Gaussian function; correlation analysis was done using the non-parametric 

Spearman’s correlation coefficient in Prism. Asterisks indicate significance with p value 

≤0.05.

Results

Long-term survival of islet allografts following transplantation in the eye or kidney of mice 
in the absence of immunosuppression

We transplanted full MHC-mismatched allogeneic DBA/2 (H-2d) donor islets into the eye 

anterior chamber or under the kidney subcapsular space of STZ-induced diabetic C57BL/6 

(B6; H-2b) recipient mice. The recipients were treated transiently with anti-CD154 (CD40L) 

antibody (20–30 mg/kg; clone MR-1 or isotype Ig control or PBS) in the peri-transplantation 

period (day −3 and −1), on the day of transplantation (day 0) and on postoperative days 

(POD) 3 and 7. We assessed the survival of the intraocular islet allografts before and after 

stopping immunosuppression by direct examination of the intraocular islet grafts using non-

invasive intravital imaging as previously described [13] (Fig. 1a,b), and by longitudinal 

monitoring of blood glucose of the recipients (Fig. 1c). The results showed normalisation of 

blood glucose following islet transplantation into the anterior chamber of one eye or in the 

kidney of diabetic recipient mice. Recipients of islets in either site maintained normal blood 

sugar levels (mean non-fasting blood glucose ≤11.11 mmol/l) when treated with the anti-

CD154 antibody MR-1, whereas those treated with Ig control returned to hyperglycaemia 

(blood glucose >16.66 mmol/l) (Fig. 1c). Notably, ~70% of the mice that received the islets 

initially in the eye retained their allografts throughout the follow-up after transplantation 

(>400 days) (Fig. 1d) and only 50% of those transplanted in the kidney did with the same 
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transient MR-1 treatment (Fig. 1e). The median survival times were 21 and 82.5 days in 

PBS- and Ig-treated control mice, respectively, when islets were transplanted in the eye, and 

11 days when transplanted in the kidney of Ig-control mice. By contrast, >50% of the mice 

treated with MR-1 retained their islet allografts in either site for >300 days after stopping the 

treatment. Moreover, mice exhibiting long-term survival of islet allografts (i.e. tolerant) were 

challenged with a second transplantation under the kidney capsule with the same peri-

transplant MR-1 or Ig-control treatments. The results showed that ~30% of those initially 

transplanted in the kidney retained their second islet transplant for ~400 days after re-

transplantation compared with >70% of those initially transplanted in the eye (Fig. 1f).

Long-term survival of intraocular islet allografts in a baboon in the absence of 
immunosuppression

We transplanted allogeneic (non-sibling) islets into the anterior chamber of the right eye of a 

diabetic recipient baboon (n=1) that was treated transiently with anti-CD154 (CD40L) 

antibody (clone 5C8) in the peri-transplantation period. The contralateral left eye did not 

receive any islets. Anti-CD154 antibody was administered intravenously at a dose of 20 

mg/kg body weight on the day prior to transplant, the day of transplant and on POD 3, 10, 

18, 28 and every 10 days thereafter until POD 248. We assessed the survival of the 

intraocular islet allografts before and after discontinuing anti-CD154 antibody treatment by 

direct non-invasive monitoring of the intraocular islet grafts as previously described [8]. 

These longitudinal eye examinations, lasting up to necropsy on POD 728, showed no change 

in the intraocular islet allografts during and after stopping immunosuppression (Fig. 2a) (i.e. 

480 days of immunosuppression-free survival). Post-necropsy immunostaining of frozen 

sections of the eye bearing the islet grafts showed insulin- and glucagon-expressing cells 

within islets engrafted on top of the iris (Fig. 2b), further confirming survival and function of 

the islet allografts. Moreover, we assessed the graft survival and function during the 

longitudinal follow-up by measuring C-peptide levels in the aqueous humour and plasma 

before and after stopping immunosuppression. C-peptide was considerably elevated in the 

eye bearing the islet grafts and was not detected in the contralateral, non-transplanted eye 

(Fig. 2c; see also [8]). The median plasma C-peptide level was also increased compared with 

before transplantation, albeit not significantly (Fig. 2d). Repeated IVGTT before 

transplantation (POD −48) and after transplantation (POD 73, 128 and 204) showed 

increased plasma C-peptide during IVGTT only on POD 204 (Fig. 2e,f).

Cytokine profile in the intraocular islet allograft local environment in immune rejection vs 
tolerance

Having the unique advantage of direct access to the intraocular islet allograft local in vivo 

environment, as represented by the aqueous humour, we measured cytokine levels in 

aqueous humour samples from the transplanted baboon and mice (Fig. 3). In mice, samples 

were collected from ‘rejecting’ recipients during ongoing acute destruction of the initial 

intraocular islet allografts (i.e. at rejection onset) and from mice that had either fully rejected 

(>20 days post-rejection onset) or tolerated (tolerant; MR-1 treated) their islet allografts. 

Samples were also collected from non-transplanted control mice. The results showed that 

cytokine levels within the local environment of the islet grafts varied significantly between 

the conditions (Fig. 3a–f). Whereas the T helper (Th)2 cytokines IL-4 and TGF-β2 were 
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significantly decreased in rejecting mice (Fig. 3d,f), pro-inflammatory Th1/Th17 cytokines 

such as IL-1β, IFN-γ and IL-17α were significantly elevated compared with fully rejected 

or tolerant mice and with non-transplanted control mice (Fig. 3a–c). By contrast, TGF-β2 

was significantly elevated in tolerant compared with rejecting mice (Fig. 3f). IL-5 was also 

elevated in tolerant vs rejecting mice, albeit the difference did not reach significance (Fig. 

3e). Notably, IL-4 was significantly elevated by more than fourfold in tolerant mice 

compared with the other conditions (Fig. 3d). A similar cytokine profile was observed in the 

baboon, where both IL-4 and IL-10 levels were increased in the graft-bearing right eye on 

POD 429 compared with POD 31 and compared with the non-transplanted left eye (Fig. 3g–

j).

Peripheral donor-specific immune regulation following intraocular islet transplantation

We performed trans vivo DTH assays [25, 26] to assess whether local operational immune 

tolerance towards the intraocular islet allografts in the baboon precipitated peripheral 

immune regulation towards the donor. The results showed reduced DTH response with 

peripheral blood mononuclear cells (PBMCs) obtained from the recipient baboon 

(previously immunised for TT/D) upon repeat challenge with TT/D in the presence of 

soluble antigens from the islet donor (Fig. 4a,b). This was not observed with PBMCs from a 

non-transplanted, untreated control baboon that was also immunised for TT/D, even though 

the same soluble antigen preparation was co-injected (Fig. 4c). This linked suppression of 

the recall TT/D response in the recipient baboon was entirely donor-specific (Fig. 4d) and 

was abolished by blocking antibodies against IL-10, TGF-β and IL-35 (IL-12α[P35]/[Ebi3]] 

(Fig. 4e).

Discussion

We have previously shown the advantages of intraocular islet transplantation in studying 

noninvasively and longitudinally the immune responses mounted in vivo against allogeneic 

islets transplanted in the anterior chamber of the eye without immune intervention [13, 19]. 

We now present evidence of long-term survival of intraocular islet allografts consistent with 

operational graft immune tolerance, which was achieved with only transient immune 

intervention in the peri-transplant period. Animals treated with the anti-CD154 (CD40L) 

antibody retained their intraocular islet allografts for >400 days without 

immunosuppression. While mice transplanted in the kidney also showed prolonged survival 

of islet allografts with the same treatment, only 50% retained their grafts long-term 

compared with 70% of mice transplanted in the eye (Fig. 1a–e and ESM Fig. 1a). It should 

be noted that while the diabetic baboon still required insulin therapy due to the small 

transplanted islet mass, its post-transplant plasma C-peptide levels were marginally 

increased compared with before transplantation (p=0.054 by ANOVA) (Fig. 2d), likely due 

to the significant dilution of the aqueous humour C-peptide in the plasma as C-peptide levels 

changed in parallel in both compartments with fasting and post-feeding (see ESM Fig. 2 and 

ESM Table 1). A similar correlation was also observed in our previously studied diabetic 

baboon, which was transplanted with allogeneic islets in the eye but, in contrast to the 

currently studied baboon, was continuously maintained on immunosuppression [8]. 

Interestingly, while the daily insulin dose was modestly reduced post-transplant in the 
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baboon in the current study (ESM Fig. 3a), the mean values of fasting and postprandial 

blood glucose levels were reduced significantly (p<0.0001 by ANOVA) following 

transplantation (ESM Fig. 3b–d). Thus, consistent with our previous observation [8], the 

current findings indicate that modest increases in circulating C-peptide originating from 

even a small mass of intraocular islet grafts can result in improvement in overall blood 

glucose control in this clinically relevant non-human primate model [9]. This is in line with 

clinical data from individuals with type 1 diabetes showing significant improvement in 

quality of life through better glycaemic control following intrahepatic islet transplantation, 

and even after resumption of insulin therapy due to graft failure [1, 27]. Intraocular islet 

transplantation has technical advantages that can be uniquely beneficial in preclinical and 

clinical applications [8, 9, 13, 28, 29]. Although long-term survival of islet allografts has 

been achieved using various immune conditioning protocols in preclinical models of islet 

transplantation to other sites [30–33], including (by us) in the kidney subcapsular space (Fig. 

1e and ESM Fig. 1a), intraocular islet transplantation allows quantitative monitoring of the 

same individual islets non-invasively and longitudinally. An advantage of this technique is 

that it revealed an unexpected increase over time in the size/volume of the surviving islet 

allografts in the tolerant mice (Fig. 1b). While unravelling the molecular mechanisms 

underlying this impressive islet growth is still needed and requires dedicated studies beyond 

the scope of the current study, we speculate that the augmented metabolic demand on the 

marginal mass of the intraocular islet graft, consequent to increased body mass of the 

recipients over time, may be involved (see ESM Fig. 4) [34, 35]. Additionally, intraocular 

islet transplantation uniquely allows access to the local graft environment in vivo. We have 

taken advantage of this to gain insight into the immune mechanisms underlying the 

intraocular islet allograft’s long-term survival. The results revealed significantly elevated 

local levels of IL-4 among other immune regulatory cytokines (e.g. IL-10) in both our 

mouse and non-human primate models (Fig. 3). IL-4 signalling through the IL-4Rα/STAT6 

pathway has been shown to promote Th2 cytokine production and in turn the polarisation of 

innate/adaptive immune cells towards regulatory function [36, 37]. IL-4 is also implicated in 

cancer-associated immune regulation within the tumour microenvironment to avoid immune 

clearance [38]. Consistently, our current findings suggest the significant local role of IL-4 

among other Th2 cytokines and associated local immune regulatory mechanisms in the 

observed operational immune tolerance towards intraocular islet allografts.

Remarkably, assessment of immune reactivity in the periphery of the recipient baboon 

following intraocular islet transplant showed in trans vivo DTH assay donor-specific 

immune regulation long after stopping immunosuppression (Fig. 4). DTH is a peripheral 

immune response by antigen-experienced T cells that occurs rapidly in vivo upon repeat 

exposure to, or challenge with, the specific antigen(s). Hence, a DTH reaction requires 

initial host sensitisation to the specific antigen(s) and, therefore, lack of a DTH response to 

recall antigen(s) is evidence for either antigen-specific peripheral immune 

hyporesponsiveness (or anergy) or active immune regulation/suppression of an effector 

immune response by antigen-specific regulatory cells. Both anergy and immune regulation 

are important components of peripheral immune tolerance [39–41]. While the DTH response 

has been reliably used clinically to assess prior exposure to infectious or immunising agents, 

its utility in transplant recipients to assess immune reactivity (or lack thereof) to the graft 
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donor is limited due to the risk of sensitising the recipient to donor antigens and consequent 

triggering of graft rejection or loss. To circumvent this limitation, the trans vivo DTH assay 

was developed wherein immune reactivity of the transplant recipient towards the donor is 

assessed outside the recipient in live mice [25], and other in vitro assays have been used, 

such as mixed leucocyte reaction (MLR), measuring donor-specific antibody titres, and 

tetramer and elispot analyses [42, 43]. However, all these methods have some shortcomings. 

In the trans vivo DTH assay, PBMCs are obtained from the recipient and injected into the 

footpad of a mouse where the DTH-type response to a known, previously exposed-to 

antigen(s) through natural exposure or vaccination (e.g. TT/D), is measured based on local 

swelling [26]. The swelling occurs in the highly vascular mouse tissue because of local 

inflammation consequent to exposure and activation of the transplant recipient’s antigen-

experienced T cells to the corresponding donor antigens; this immune reaction also attracts 

mouse immune cells resulting in further local inflammation manifesting in oedema and 

swelling of the footpad. This inflammatory immune response is consistent with a positive in 

vivo skin recall DTH response in humans. Alternatively, reduced swelling (i.e. DTH 

response) is indicative of antigen-specific hyporesponsiveness, likely due to bystander 

immune suppression by regulatory cells among the injected PBMCs of the transplant 

recipient. In our studies (Fig. 4), PBMCs were obtained from the islet donor, third-party 

control baboons, the recipient baboon and a non-transplanted untreated control baboon. The 

results showed a 60% inhibition in the DTH response by the recipient only in presence of 

antigens of the specific islet donor. Interestingly, this in vivo immune regulation/tolerance 

was dependent on IL-10, TGF-β and IL-35, thereby suggesting a prominent involvement of 

various subsets of T regulatory cells (Treg) in the observed peripheral immune 

hyporesponsiveness by the recipient towards the specific donor. A similar pattern of 

peripheral immune regulation has previously been described in humans and Rhesus monkey 

due to tolerance to non-inherited maternal antigens [44], as well as in B6 mice made tolerant 

by donor-specific transfusion plus costimulation blockade [44, 45]. Importantly, while the 

recipient baboon’s recall response to TT/D was significantly reduced in the presence of the 

islet donor’s antigens, its response in the presence of third-party antigens was equal to that 

by the untreated control baboon, thus confirming re-established immune competence of the 

recipient after stopping immunosuppression (see ESM Fig. 5). Together, these results 

obtained in one diabetic baboon are consistent with donor-specific peripheral immune 

tolerance in the recipient and emphasise the importance of further corroborating these 

findings in a larger number of non-human primates.

We investigated this notion further in mice exhibiting immune tolerance towards allogeneic 

islets transplanted initially either in the eye or in the kidney by challenging them with repeat 

transplantation with islets from the same donors in the periphery (i.e. kidney). Interestingly, 

~72% of the MR-1-treated mice initially transplanted in the eye retained their second islet 

allograft in the kidney (repeat transplant) compared with ~33% of those initially transplanted 

in the kidney (Fig. 1f and ESM Fig. 1b). While additional studies are needed to further 

elaborate on the mechanisms underlying the induction and maintenance of the observed 

operational immune tolerance towards the islet allografts in the eye and periphery, the 

current findings point to a distinct advantage of using the eye over the kidney upon follow-

up transplantation. This is conceptually significant and potentially has broad implications in 
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transplant applications, where a priori donor/tissue-specific immune tolerance is established 

through the intraocular route in conjunction with transient immune interventions and 

followed later by transplantation in the periphery of additional tissues/cells from the same 

donor/source (e.g. stem-cell derived). Although it remains to be examined clinically, this 

staggered approach could address the potential eye limitation in accommodating sufficient 

islet mass to achieve insulin independence in individuals with type 1 diabetes [9].

In summary, our current studies provide proof-of-concept evidence for operational immune 

tolerance towards allogeneic pancreatic islets transplanted into the anterior chamber of the 

eye, with a higher potential for associated donor-specific immune tolerisation in the 

periphery when compared with the kidney. This was achieved only when transient peri-

transplant immune intervention was implemented. It should be emphasised, however, that 

while our current findings are significant for potential clinical application, additional studies 

(particularly with non-human primates) are needed to establish this new approach to 

inducing immune tolerance in islet transplantation through the intraocular route in 

conjunction with transient peri-transplant immune intervention. Moreover, our current 

studies were conducted using immune costimulatory blockade with anti-CD154 antibody 

clones that are different from the earlier humanised clone that caused thromboembolic 

complications in initial clinical trials [46, 47]. Although the mechanism for such 

complications has been resolved and new humanised clones have been developed [48, 49], 

our approach must be evaluated using the new clone(s) or other clinically relevant immune 

interventions. Additional studies, preferably with non-human primates, will also be needed 

to establish the therapeutic mass of islets transplanted in the eye and to develop new 

transient immune regimens that would be effective with and without a background of 

autoimmune type 1 diabetes. These features of intraocular islet transplantation combined 

with the above-described and previously demonstrated technical advantages underscore its 

potential impact in clinical application. Coming on the heels of a phase 1 clinical trial on 

intraocular islet transplantation in legally blind patients with type 1 diabetes 

(ClinicalTrials.gov registration no. NCT02846571), the current findings may have 

significant implications in islet transplantation to treat type 1 diabetes sooner than 

anticipated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

What is already known about this subject?

• Islet transplantation in the liver improves quality of life in individuals with 

type 1 diabetes

• Long-term graft efficacy of intrahepatic islet transplants is restricted owing to 

liver-specific limitations, despite continued immunosuppression

• New sites are critically needed where long-term survival and efficacy of 

transplanted islets can be achieved without chronic immunosuppression and 

its complications

What is the key question?

• Can long-term survival of allogeneic islets transplanted in the anterior 

chamber of the eye be achieved without continued immunosuppression?

What are the new findings?

• Allogeneic islets transplanted in the anterior chamber of the eye survived 

long-term without continued immunosuppression in murine and non-human 

primate (baboon) models of diabetes

• Long-term survival of intraocular islet allografts was supported by locally 

elevated immune regulatory cytokines in both the mice and the baboon

• Long-term survival of the allografts was also associated with operational 

immune tolerance in the periphery of the diabetic recipient mice and baboon

How might this impact on clinical practice in the foreseeable future?

• The current findings may have a significant impact on clinical islet transplant 

therapy through induction of immune tolerance towards transplanted 

allogeneic islets
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Fig. 1. 
Transient peri-transplantation anti-CD154 antibody treatment leads to long-term survival of 

intraocular islet allografts. (a, b) Representative longitudinal images of B6 mouse eyes 

transplanted with allogeneic DBA/2 islets in the anterior chamber of the eye while treated 

transiently with isotype Ig control/PBS (a) or anti-CD154 antibody (MR-1) (b). Images on 

POD 7 show the transplanted islets engrafted on top of the iris that were rejected by POD 24 

in mice treated with PBS/Ig control (a) but were still clearly visible on POD 347 in the anti-

CD154-treated mice, long after stopping treatment on POD 7 (b). (c) Non-fasting blood 

glucose in STZ-induced diabetic B6 mice before and after transplantation of 250–300 IEQs 

(DBA/2) in the eye anterior chamber with MR-1 (n=7) or Ig control (n=5) treatments. Grey 

area indicates duration of the treatment. Normoglycaemia is defined as <11.11 mmol/l 

(dotted horizontal line) and diabetes/hyperglycaemia as >16.66 mmol/l (see also Methods). 

(d, e) Kaplan–Meier survival curves of islet allografts in diabetic B6 mice treated transiently 

(grey shaded areas) with MR-1/Ig control/PBS and transplanted initially (first transplant) 

either in the anterior chamber of the eye (d) or under the kidney capsule (e). For mice 

transplanted in the eye: MR-1 n=13, Ig control n=6 and PBS n=17; For mice transplanted in 

the kidney: MR-1 n=19 and Ig control n=5. (f) Survival of repeat transplant (second 

transplant) of islet allografts in the kidney following initial islet transplantation (first 

transplant) either in the anterior chamber of the eye or in the kidney. In MR-1-treated mice, 

median survival time was 70 days in mice initially transplanted in the kidney and remained 

undefined in those initially transplanted in the eye (p=0.012 by logrank Mantel–Cox test; 

also see ESM Fig. 1 for corresponding Ig controls). ACE, anterior chamber of the eye; BG, 

blood glucose; D-B6, diabetic B6; Ig Ctrl, Ig control; KDN, kidney; TX, transplant
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Fig. 2. 
Intraocular islet allografts survived and remained functional long after stopping anti-CD154 

monotherapy in a diabetic baboon. (a) Longitudinal images of the baboon eye before (POD 

56 and POD 154) and after (POD 429 and POD 728) stopping anti-CD154 (5C8) antibody 

treatment on POD 248. Inset shows intact islets on POD 728, which was 480 days after 

stopping immunosuppression. (b) Fluorescence micrographs showing positive insulin and 

glucagon immunostaining in a frozen eye section obtained after necropsy of the baboon on 

POD 728. (c) C-peptide levels in aqueous humour of the recipient baboon measured by 

electrochemiluminescence immunoassay. Aqueous humour samples were collected from the 

diabetic baboon islet-transplanted right eye (OD) and non-transplanted left eye (OS) before 

(POD 31; n=1) and after stopping anti-CD154 antibody treatment (POD 255 and POD 429; 

n=1 each). (d) C-peptide levels in plasma of recipient baboon before/after islet 

transplantation and before/after stopping immunosuppression (5C8). The box and whisker 

plot showss the median values (horizontal black lines), the interquartile range, and the 

minimum and maximum values in each dataset (individual data points shown as white 

circles). (e) Blood glucose and (f) change in plasma C-peptide levels during 60 min IVGTTs 

performed before intraocular islet transplantation on POD −48 and after transplantation on 

POD 73, POD 128 and POD 204. C-peptide levels (shown as Δ C-peptide) were normalised 

to the mean (i.e. ratio) of values measured at −10 and −5, and 0 min (0 min = time of 
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injection of glucose bolus; 0.5 g/kg) during the IVGTTs. Aq., aqueous; BG, blood glucose; 

ND, not detected; TX, transplant
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Fig. 3. 
Cytokine profiles within the local islet environment varied significantly between rejection vs 

tolerance of intraocular islet allografts. (a–f) Cytokine levels measured by Bio-Plex assay in 

aqueous humour samples collected from B6 mice exhibiting long-term survival (tolerant; 

n=13 mice) or ongoing rejection (rejecting; n=9), or from mice that had completely rejected 

(>20 days post rejection onset; n=10) their intraocular islet allografts, as well as from non-

transplanted B6 control mice (No TX Ctrl; n=8). Results are shown as means ± SEM. 

*p<0.05 (by ANOVA) . (g–j) Cytokine levels measured by Bio-Plex assay in aqueous 

humour samples collected from the right (OD) and left (OS) eyes of the transplanted baboon 

during 5C8 treatment (POD 31; OD only; n=1) and after stopping 5C8 (anti-CD154) 

treatment on POD 429 (n=1 each). ND, not detected; TX, transplant
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Fig. 4. 
Operational immune tolerance of intraocular islet allografts associated with donor-specific 

peripheral immune regulation (bystander pression) in trans vivo DTH assay. (a–c) Net 

swelling in trans vivo DTH by the recipient baboon on POD 629 (a) and POD 728 (b) and 

an untreated control (Ctrl) baboon (non-transplanted) (c) in response to challenge by recall 

antigen TT/D alone (positive control), donor antigen (Donor Ag) and a mixture of both (n=1 

in each condition). (d) Per cent inhibition of the recall response to TT/D by the recipient 

baboon (black bars) and non-transplanted untreated control (Ctrl) baboon (hatched bars) in 

the presence of soluble antigens from the specific donor baboon from which islets were 

isolated (Donor Ag) and naive third-party control baboons Ctrl Ag (1) and Ctrl Ag (2); n=1 

each). Swelling data in the different conditions were normalised to response to TT/D alone 
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and pooled from repeat trans vivo DTH assays (n=3 for recipient baboon on POD 629, POD 

665 and POD 728; n=2 for untreated control) and presented as means ± SD (see also 

Methods). *p<0.05 (by unpaired Student’s t test) vs control antigens. (e) Cytokine 

dependence of donor-specific linked immune regulation in the recipient baboon. DTH recall 

response (shown as net swelling) to TT/D by the recipient baboon in the presence of the 

donor baboon antigens (Donor Ag) without and with blocking antibodies against IL-10, 

IL-35 (anti-IL-12[P35] + anti-Ebi3) and TGF-β, or Ig isotype control (Ctrl Ab). Data shown 

as means ± SD
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