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Abstract
Clinical islet transplantation effectively restores euglycemia and corrects glycosylated hemoglobin in labile type 1 diabetes
mellitus (T1DM). Despite marked improvements in islet transplantation outcomes, acute islet cell death remains a substantial
obstacle that compromises long-term engraftment outcomes. Multiple organ donors are routinely required to achieve insulin
independence. Therapeutic agents that ameliorate cell death and/or control injury-related inflammatory cascades offer
potential to improve islet transplant success. Apoptotic cell death has been identified as a major contributor to cellular demise
and therapeutic strategies that subvert initiation and consequences of apoptotic cell death have shown promise in pre-clinical
models. Indeed, in numerous pathologies and diseases apoptosis has been the most extensively described form of regulated
cell death. However, recent identification of novel, alternative regulated cell death pathways in other disease states and solid
organ transplantation suggest that these additional pathways may also have substantial relevance in islet transplantation. These
regulated, non-apoptotic cell death pathways exhibit distinct biochemical characteristics but have yet to be fully characterized
within islet transplantation. We review herein the various regulated cell death pathways and highlight their relative potential
contributions to islet viability, engraftment failure and islet dysfunction.
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Introduction

Inroads in clinical islet transplantation have demonstrated

repeatedly that this therapy protects against hypoglycemia,

corrects hemoglobin A1C, improves overall glycemic con-

trol, and to a more variable degree can secure and maintain

insulin independence for periods of time. Studies by the

Clinical Islet Transplant consortium and a comprehensive

Collaborative Islet Transplant Registry (CITR) strongly

endorse these findings1,2. Several studies suggest that both

pancreas and islet transplantation may impede evolution of

several long-term secondary complications associated with

type 1 diabetes mellitus (T1DM). However, despite marked

improvements in outcome over the past two decades, a con-

sistent finding is that except in highly selected series, mul-

tiple organ donors and a cumulative islet implant mass

�10,000 islet equivalents per kilogram recipient weight are

consistently required3. While both auto- and allo-immune-

mediated mechanisms clearly contribute to long-term graft

failure, mounting evidence strongly suggests that acute islet

cell death in the immediate and peri-transplant period

severely compromises engraftment outcomes. Islet

transplantation is unique across organ transplantation as the

complex enzymatic process required to mechanically sepa-

rate islets away from their extracellular matrix, the purifica-

tion and culture steps cumulatively result in injury. The

subsequent transplantation to the hypoxic, intrahepatic por-

tal site and many days to establishment of neovascularization

render islets far more susceptible to injury than solid organ

grafts.
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Apoptosis is generally considered the primary form of

regulated cell death, mediating biological functions such as

homeostasis, development and pathogenesis4,5. Necrotic cell

death was once considered as an all-encompassing, uncon-

trolled modality that occurred in response to unabated envi-

ronmental triggers, hypoxia and physiological stress,

resulting in the release of intracellular contents of dying

cells6. Indeed, in instances of extreme stimuli, such as high

temperatures, resultant necrotic cell death can occur in an

accidental manner6. However, recent evidence has identified

the existence of several alternative forms of regulated cell

death, collectively termed ‘regulated necrosis’ (RN), elicited

by pathophysiological conditions that occur in a genetically

controlled fashion6. The recent identification of these cell

death pathways has revealed non-apoptotic mechanisms,

some of which are caspase-independent, characterized by

morphologically and biochemically distinct events7 (Figure

1). In contrast to apoptosis, which is immunologically silent,

at least in the initial phase, RN-pathways inevitably release

damage-associated molecular patterns (DAMPs) when the

plasma membrane ruptures, and thereby trigger an inflam-

matory cascade. Whereas all RN-pathways are to some

extent immunogenic, active production of cytokines during

the death process modulates the immunogenic response and

may provide an evolutionary advantage to conserve different

RN-subroutines6. These pathways include, but are not lim-

ited to, pyroptosis, ferroptosis, necroptosis and parthanatos

(Table 1).

Within the context of islet isolation and transplantation,

our group has examined several therapeutic interventions

that truncate apoptotic cell death, either with pan-caspase

inhibitors or agents that ameliorate onset of apoptosis3,8–12.

Figure 1. Regulated cell death signaling pathways. Regulated cell death pathways may be differentiated by their dependence on caspase
activity. Apoptosis, a caspase-dependent regulated cell death pathway, can be initiated by extrinsic or intrinsic cellular cues. DR binding from
appropriate signals, including TNF-a, initiates the extrinsic pathway. Alternatively, internal signals, including hypoxia and ROS, activate the
intrinsic pathway. Both pathways converge on caspase-3 activation and result in morphological changes, such as plasma membrane blebbing.
Since membrane integrity is conserved during apoptosis, this cell death modality is a poor inducer of inflammation. Pyroptosis, a gasdermin-
dependent form of regulated cell death requires the formation of inflammasomes which results in the activation of caspase-1 or caspase-11.
Caspase-1 activates the pro-inflammatory cytokines IL-1b and IL-18. As such, pyroptosis is an immunogenic form of regulated cell death.
Ferroptosis results in the accumulation of lipid peroxides as a result of glutathione depletion and GPx4 dysfunction. Necroptosis can be
initiated by DR-ligand binding resulting in the activation of RIPK1 and RIPK3 with subsequent phosphorylation of MLKL. Parthanatos is
triggered by diverse stimuli, including ROS production, resulting in the hyperactivation of PARP1 resulting in the prospective release of AIF.
AIF: apoptosis-inducing factor; DR: death receptor; GPx4: glutathione peroxidase 4; IL: interleukin; MLKL: mixed lineage kinase domain-like
protein; MOMP: mitochondrial outer membrane permeabilization; PARP1: poly(ADP-ribose) polymerase 1; pMLKL: phosphorylated mixed
lineage kinase domain-like protein; RIPK: receptor-interacting serine/threonine-protein kinase; ROS: reactive oxygen species; TNF: tumor
necrosis factor.
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The field of islet transplantation has identified apoptosis as

the primary culprit of programmed cell death in experimen-

tal and clinical investigation13. Therapeutic strategies that

dampen the inflammatory response in the acute transplant

period have also been employed with considerable focus to

subvert apoptotic cell death. With the emergence of recently

defined, genetically and biochemically distinct pathways, re-

examination of cell death modalities that contribute to islet

loss is warranted. Indeed, some of the mechanisms attributed

to the various regulated cell death pathways have been iden-

tified in b-cell death and islet transplantation, yet these mod-

alities have not been exclusively defined. Herein, we discuss

regulated cell death and their potential contributions to islet

cell death in islet transplantation, and highlight prospective

interventional strategies to ameliorate the consequences

associated with islet loss.

Regulated Cell Death – Implications in Islet
Transplantation

Caspase-Dependent Cell Death

Apoptosis. Once considered the only form of ‘programmed

cell death’, apoptosis can be triggered by multiple stimuli. A

distinct set of cysteine proteases termed caspases, are key

mediators of apoptosis that become activated by pro-

apoptotic stimuli14. Activation of initiator caspases

(caspase-8 and -9) results in the downstream cleavage and

further activation of executioner caspases (caspase-3, -6 and

-7) with subsequent cellular morphological changes includ-

ing DNA fragmentation and membrane blebbing15. Apopto-

sis is considered the least immunogenic form of programmed

cell death, as it does not lead to plasma membrane rupture,

however, it is not entirely immunologically silent6,16.

Apoptosis has largely been identified as the primary form

of programmed cell death contributing to islet loss. Paraske-

vas et al. revealed that apoptosis was a key contributor to

islet loss subsequent to islet isolation by evaluating a multi-

tude of criteria13. Islets harvested from human cadaveric

donors revealed morphological characteristics indicative of

apoptosis within 3 to 5 days post-culture, including apoptotic

bodies containing condensed chromatin. Immunohistochem-

ical analysis for terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL) staining was minimal in the

immediate post-culture phase, and incrementally peaked 5

days post-culture. The authors also revealed that DNA frag-

mentation was also present within 48 hours of isolation13.

Indeed, the findings from this study were paramount in

directing therapeutic strategies during islet isolation and cul-

ture as a means to ameliorate the incidence of apoptosis prior

to transplantation as a means to improve long-term engraft-

ment outcomes.

Apoptosis can be triggered by intracellular (intrinsic) or

extracellular (extrinsic) cues. The intrinsic apoptotic path-

way is largely mediated by mitochondrial events and is

regulated by the interplay between pro-apoptotic and anti-

apoptotic members of the Bcl-2 family17. The initiation of

the intrinsic pathway occurs through binding of the BH3-

only proteins, including but not limited to Bim and Puma,

to the Bcl-2-like anti-apoptotic proteins. These interactions

result in the release of Bax and or Bak, promoting the loss of

mitochondrial outer membrane potential and subsequent

cytochrome c release. The release of cytochrome c results

in the activation of the caspase cascade18–20. Within the

context of islet cell death, the intrinsic pathway was revealed

to occur in response to glucose toxicity by McKenzie and

colleagues17. The authors demonstrated that islets exposed to

high glucose concentrations resulted in increased DNA frag-

mentation relative to islets exposed to lower glucose concen-

trations. Moreover, islets over-expressing Bcl-2, as well as

Table 1. Regulated cell death pathways influenced by key media-
tors, morphological characteristics associated with the cell death
modality and their immunogenic potential.

Regulated
cell death
pathway

Key
mediator(s)

Morphological
features

Immunogenicity/
necroinflammation

Apoptosis Initiator
caspases
(caspase-8
and -10)

Executor
caspases
(caspase-
3, -6 and -7)

Nuclear
chromatin
condensation

Cellular
shrinkage

Membrane
blebbing

Low

Pyroptosis Caspases,
gasdermins

Cellular
necrosis –
membrane
rupture
through a
gasdermin D
membrane
pore –
release of IL-
1b and IL-18

High

Ferroptosis GPX4 Cellular
necrosis –
membrane
rupture by
lipid
peroxidation

Unknown

Necroptosis RIPK1, RIPK3,
phospho-
MLKL

Cellular
necrosis –
membrane
rupture –
release of IL-
33 and
CXCL1

Potent cross
priming

Parthanatos PARP1 Cellular
necrosis –
membrane
rupture

Unknown

GPX4: glutathione peroxidase-4; IL: interleukin; MLKL: mixed lineage kinase
domain-like protein; PARP1: poly(ADP-ribose) polymerase 1; RIPK:
receptor-interacting protein kinase.

892 Cell Transplantation 27(6)



islets deficient in the BH3-only proteins, Bim or Puma, ame-

liorated the deleterious downstream events associated with

glucose toxicity17. Notably, islets deficient in Fas or inter-

leukin (IL)-1 receptors were not protected from glucose-

induced DNA fragmentation. Other studies have also

revealed that when exposed to high glucose concentrations,

altered expression of Bcl-2 genes have been observed in

human islets, further implicating the intrinsic apoptotic path-

way in islet cell death21,22. Given that islets are susceptible to

metabolic triggers that can initiate the intrinsic pathway,

molecular mediators of this cell death modality may be

attractive targets for therapeutic intervention. Binding of

ligands to death receptors initiates the extrinsic pathway.

Death receptors are members of the tumor necrosis factor

(TNF) superfamily, which includes TNF receptor-1

(TNFR1) and CD95 (also called Fas and APO-1)15.

Ligand-receptor binding (TNF-a to TNFR1) results in recep-

tor clustering, adaptor molecule recruitment (i.e. Fas-

associated death domain; FADD), and the formation of the

death-inducing signaling complex (DISC). The initiator cas-

pase, caspase-8, associates with the DISC complex, where it

is activated. Caspase-8 initiates apoptosis by cleaving and

activating executioner caspases15. It is now clear, however,

that the most important function of caspase-8 is the preven-

tion of necroptotic cell death23–25.

Intrinsic cues, such as reactive oxygen species (ROS) and

hypoxia, as well as extrinsic cues, instant-blood mediated

inflammatory reaction and inflammatory cytokine stimula-

tion such as TNF-a and IL-1b, have demonstrated ability to

initiate the apoptotic cascade. Methods of mitigating apop-

tosis activation in islets through inhibition of circulating

inflammatory cytokines, IL-1b and TNF-a, have demon-

strated improved engraftment outcomes in the experimental

setting. In an immunocompromised murine model, human

islet transplant recipients synergistically administered IL-1b
receptor agonist (anakinra) and TNF-a receptor fusion pro-

tein (etanercept) exhibited improved islet engraftment out-

comes26. Islet grafts harvested 24 hours post-transplant

exhibited reduced apoptosis levels, as measured by TUNEL

staining, suggesting these agents mitigated activation of the

extrinsic apoptotic pathway.

Interventional strategies aimed to inhibit caspase activa-

tion directly, thus preventing the downstream apoptotic cas-

cade, have been utilized in the pre-clinical setting to

improve islet engraftment outcomes. Early generation

pan-caspase-inhibitors, such as N-benzyloxycarbonyl-Val-

Ala-Asp-fluoromethyl ketone (zVAD-FMK) or N-benzylox-

ycarbonyl-Val-Asp-fluoromethyl ketone (zVD-FMK), have

demonstrated the ability to augment islet graft survival and

long-term outcomes when administered systemically in the

acute transplant period3,9. When administered concomitantly

with the co-stimulatory blockade agent, high affinity CTLA-

4Ig (belatacept), zVD-FMK-enhanced islet engraftment

outcomes in a murine allotransplantation model8. The devel-

opment of novel, potent inhibitors of caspases, such as IDN-

6556, have also demonstrated the ability to improve

engraftment outcomes using marginal islet doses in a mur-

ine syngeneic model and porcine autograft model10,11.

Most recently, our group demonstrated that the potent

pan-caspase inhibitor, F573, could effectively reduce the

incidence of apoptosis in murine and human islets in vitro.

Furthermore, when administered to the recipient in the

acute post-transplant period, F573 was able to deter apop-

tosis and improve long-term marginal islet engraftment

outcomes in a murine transplant model. Most notably, the

administration of F573 was able to augment engraftment in

the clinically relevant portal site, as well as under the mod-

ified subcutaneous space12.

The utility of pan-caspase and other inhibitors in islet

transplantation has identified apoptosis as a key player that

influences islet viability and contributes to islet engraftment

outcomes. Therapeutic strategies aimed at reducing apopto-

sis have clearly demonstrated efficacy pre-clinically and

merits the utility of pan-caspase inhibitors as an adjuvant

clinical therapy in the acute transplant period. While these

studies highlighted the impact of apoptosis, most often over-

looked other regulated cell death pathways and impact upon

islet engraftment. With identification of newly defined, bio-

chemically distinct, regulated cell death pathways, alterna-

tive interventions should now also be examined in islet

transplantation to explore their potential as therapeutic tar-

gets for islet protection in the translational clinical setting.

Pyroptosis. Pyroptosis is a caspase-dependent form of regu-

lated cell death that is biochemically and phenotypically

distinct from apoptosis and other RN pathways. Dependent

on caspase-1 and caspase-11, pyroptosis is unique from

apoptosis in that it does not require the activation of

caspase-3, -7, -8 or -927. Activation of caspase-1 or

caspase-11 is reliant on the formation of multi-protein sig-

naling complexes termed inflammasomes that assemble in

response to various stimuli, including intracellular microbial

ligands or cellular perturbations28. While inflammasomes

are encompassed within three gene families, for the purpose

of this review we will focus on the Nod-like receptors

(NLRs), more specifically NLRs that contain a pyrin domain

(PYD) that mediates the signaling event. The NLRs contain-

ing a PYD (NLRP) signal through the apoptosis-associated

speck-like protein containing a caspase-associated recruit-

ment domain which is responsible for the recruitment of

caspase-1. Activation of caspase-1, or caspase-11, results

in the maturation of the pyroptosis-specific cytokines, IL-1b
and IL-18, and in the cleavage of the pyroptosis-mediating

molecule gasdermin D (GSDMD) the translocation of which

to the plasma membrane is required for subsequent cell death

and IL-1b/IL-18 release23,29–31. Pyroptosis has largely been

implicated in the host’s innate defense against intracellular

pathogens32, however, it has also been identified in the pro-

motion of chronic liver injury33,34. Within the context of islet

transplantation, pyroptosis has not been fully elucidated,

although emerging evidence suggests that mediators of pyr-

optosis may contribute to compromised b-cell function and
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viability, particularly within the context of type 2 diabetes

mellitus (T2DM), which may have translational implications

in islet transplantation.

Inflammation plays a critical role leading to b-cell dys-

function and death35,36. IL-1b, a key inflammatory cytokine

has also been implicated in T2DM. Clinical studies inhibit-

ing IL-1b either by IL-1 receptor antagonist (IL-1Ra) or IL-

1b antibody, suggest improved glycemic control and b-cell

function in T2DM37,38. Given that NLRP3 activation drives

IL-1b secretion, it is at least plausible that this inflamma-

some contributes to islet dysfunction and death. Zhou and

colleagues demonstrated that mice deficient in NLRP3

exhibited improved glucose tolerance and insulin sensitivity

in contrast to their wild-type counterparts39. However, work

by Wali et al. contested that NLRP3 inflammasome activa-

tion is not required for stress-induced cell death40. Using

murine islets lacking functional NLRP3 or caspase-1, phar-

macological induction of oxidative and endoplasmic reticu-

lum stress sufficiently induced islet cell death similar to that

of wild-type, control islets40. Indeed, these competing find-

ings suggest that the role of NLRP3 activation in islet cell

death remains controversial.

Islet amyloid polypeptide, a protein that forms amyloid

deposits in islets of patients with T2DM, has demonstrated

the capacity to trigger NLRP3 inflammasome activation and

subsequent maturation and secretion of IL-1b41. Within the

context of islet transplantation, amyloid deposition in human

islets has been observed as early as 2 weeks in an immune-

compromised murine transplant model42. Moreover, amy-

loid deposition was discovered in liver sections at the time

of autopsy in clinical patients that exhibited marginal graft

function at the time of death23,43,44. These findings suggest

that amyloid deposition is not restricted to patients with

T2DM and may trigger NLRP3 activation in islet transplant

recipients, thus contributing to graft failure. Potter and col-

leagues revealed that human in vitro islet viability was pre-

served when treated with a potent inhibitor of amyloid

formation45. Ongoing studies will determine if caspase-1-

specific inhibitors or NLRP3-specific inhibitors can mitigate

the deleterious effects associated with amyloid deposition in

islets. In previous studies employing pan-caspase inhibitors,

pyroptosis may have also been impaired in tandem with

apoptosis, since these inhibitors indiscriminately inhibit

multiple caspases, including caspase-1. Further studies eval-

uating the role of inflammasome activation and pyroptosis in

islet dysfunction and death may play a critical role in iden-

tifying prospective therapeutic targets, thus preserving islet

function and viability.

Caspase-Independent Regulated Cell Death – A Role in
Islet Transplantation?

Ferroptosis. With the recent identification and expansion of

cell death modalities in other disease states, it is likely that

islets are indeed susceptible to non-caspase-dependent, regu-

lated cell death mechanisms. Ferroptosis has recently

emerged as a distinct form of regulated cell death that is

morphologically, biochemically, and genetically distinct

from apoptosis and alternative forms of RN46. Recently dis-

covered using a pharmacological approach, ferroptosis is

defined by the iron-dependent accumulation of lipid

ROS46,47. The accumulation of toxic lipid ROS can be ini-

tiated by the inhibition of intracellular glutathione (GSH)

synthesis or the GSH-dependent antioxidant enzyme, glu-

tathione peroxidase 4 (GPX4)46–48. In mammals, ferroptosis

has recently been implicated in numerous pathological con-

ditions including stroke, traumatic brain injury, ischemia-

reperfusion injury and kidney degeneration, as well as

degenerative diseases, including Alzheimer’s and Hunting-

ton’s diseases49. Despite its observations in such patholo-

gies, the discovery of ferroptosis occurred through a

pharmacological approach47. The first ferroptosis-inducing

compounds identified were erastin50 and RSL351. Erastin, a

small potent molecule, demonstrated the ability to induce

ferroptosis by selectively inhibiting the Xc
-cystine/glutamate

antiporter required for GSH biosynthesis47,48. The depletion

of intracellular GSH results in the accumulation of lipid-

based ROS molecules due to the impaired ability of the

GSH-dependent, lipid repair enzyme glutathione peroxidase

4 (GPX4)46–48,52,53. RSL3 has the ability to induce ferropto-

sis by directly inhibiting the enzymatic activity of GPX4,

with the biochemical hallmarks of ferroptosis ensuing,

including elevated lipid peroxides. GPX4 has been impli-

cated in models of ischemia-reperfusion-related diseases.

Moreover, cancer cells in a high-mesenchymal therapy-

resistant cell state are dependent GPX448. Loss of GPX4

function in these resistant cell types are susceptible to

ferroptosis-induced cell death in vitro54.

The role of ferroptosis has yet to be clearly defined in

context to islet loss, however, prior pre-clinical studies sug-

gest that this regulated cell death pathway may have impli-

cations in islet transplantation. As a tri-peptide, GSH is

synthesized from glutamate, cysteine and glycine, and has

been implicated as a crucial antioxidant alleviating oxidative

stress in islets55. In the presence of lipid peroxidation bypro-

ducts, islets exhibit impaired glucose-induced insulin secre-

tion56. When elevated in b-cells, fatty acids impair insulin

gene expression, glucose-stimulated insulin secretion, and

increase cell death57. The administration of GSH precursors

have demonstrated improved insulin secretion in response to

glucose, as well as reduce lipid peroxidation levels27,58,59.

Koulajian et al. demonstrated improved in vitro and in vivo

b-cell function in islets over-expressing GPX4 in the pres-

ence of lipid peroxidation products60, further substantiating

the necessity to deter lipid peroxidation for improved islet

function. Most recently, our group has revealed that human

islets exposed to the ferroptosis-inducing agents, erastin and

RSL3, exhibit compromised islet function and viability.

When islets were pre-treated with the ferroptosis-specific

inhibitor, ferrostatin-1, the effects of erastin and RSL3 were

abolished (unpublished data). These results suggest that

islets are indeed susceptible to ferroptosis, at least in part,
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through pharmacological induction. The utility of inhibitors

of ferroptosis capable of reducing intracellular lipid perox-

idation may be attractive therapies to employ in islet isola-

tion and transplantation61.

Given that ferroptosis requires abundant and accessible

cellular iron, iron chelators, such desferrioxamine (DFO)

have demonstrated the ability to protect from ferroptosis in

other disease models52. Since DFO has led to improved islet

function and engraftment outcomes, ferroptosis may play at

least some role in islet injury after isolation and transplanta-

tion. In murine islet transplant models, DFO-treated islets

and recipients exhibit improved engraftment outcomes due

to preserved islet mass62,63. Furthermore, Vaithilingam et al.

demonstrated that encapsulated human islets cultured in the

presence of DFO exhibited enhanced insulin secretion rela-

tive to non-treated control islets64. DFO-treated islets

restored euglycemia in immunocompromised NOD/SCID

recipients at marginal doses relative to control islet recipi-

ents64. While ferroptosis was not identified as the cell death

modality contributing to reduced islet function or engraft-

ment, this regulated cell death pathway had yet to be defined.

Stokes and colleagues also demonstrated that iron chelation

with DFO potentiated islet survival subsequent to transplan-

tation in pre-clinical models utilizing murine and human

islets65. The authors revealed that islets pre-treated with

DFO improved islet survival and engraftment through up-

regulation of hypoxia-inducible factor-1a (HIF-1a). Conse-

quently, the incidence of apoptosis was mitigated, as

revealed by decreased caspase-3 activation. The role of

HIF-1a has yet to be implicated in ferroptosis, and whether

DFO can ameliorate multiple islet cell death pathways

remains to be determined.

Within the context of islet isolation and transplantation,

the relative contribution of ferroptosis has yet to be fully

elucidated, however, prior pre-clinical observations has

revealed that key contributors to ferroptosis, such as

increased lipid peroxidation, iron accumulation and compro-

mised GPX4 function, contribute to cellular demise. Inter-

ventional strategies, such as ferrostatins or newer potent

longer-acting inhibitors of ferroptosis may potentially miti-

gate islet lipid peroxidation, improve islet function and

thereby preserve islet mass. This newly identified regulated

cell death pathway has garnered much interest in other dis-

ease pathologies and organ systems, and its role in islet

transplantation is being actively investigated.

Necroptosis. Necroptosis is a newly identified form of RN

induced by ligand binding to death receptors, TNFR1 and

Fas, Toll-like receptors or intracellular receptors such as

DNA-dependent activator of interferon (IFN)-regulatory

factors (DAI). Emerging evidence suggests that TNF binding

to TNFR1 in concomitant inhibition of caspase-8 through

pan-caspase inhibition (such as, zVAD-FMK) induces

necroptosis66. The upstream signaling elements of apoptosis

and necroptosis are shared, and hence are tightly regulated.

While TNFR1-induced apoptosis requires the activation of

caspase-8, necroptosis requires caspase-8 function to be

inhibited or disrupted61. The necroptosis signaling cascade

requires the involvement of receptor interaction protein

kinase 1 and 3 (RIPK1 and RIPK3, respectively). Subse-

quent RIPK3-mediated phosphorylation of mixed lineage

kinase domain-like protein (MLKL) results in plasma mem-

brane rupture, though the mechanism of MLKL-plasma

membrane rupture remains unknown6. However, it is now

clear that the ESCRT-3 complex is downstream of pMLKL

and facilitates for plasma membrane rupture23. Early work

identifying the embryonic lethality of caspase-8-null genes

in mice led researchers to believe that apoptosis was a pro-

cess required for vertebrate viability67. Further investigation

reversing the lethal phenotype of caspase-8-deficient mice

on a RIPK3-deficient background revealed other functions

of caspase-8, not just as a mediator of the apoptotic pathway,

but also as a key controller of RIPK325,67–69. These observa-

tions revealed that the primary function of caspase-8 was not

solely for the execution of extrinsic apoptosis, but also in

mediating the prevention of RIPK3-dependent necroptosis67.

In various whole organ murine transplant models, the role

of RIPK3 has been identified as an important mediator of

necroptosis. For example, Pavlosky et al. demonstrated

delayed graft rejection when hearts from RIPK3-deficient

mice were transplanted in rapamycin-immunosuppressed

recipients when compared with mice receiving wild-type

hearts70. In a kidney transplant model void of immunosup-

pression, kidneys from RIPK3-deficient C57Bl/6 mice trans-

planted into Balb/c recipients exhibited improved organ

function and overall survival, in comparison with wild-

type kidney recipients71,72. Given the importance of RIPK3

as a therapeutic target in whole organ transplantation, further

investigation certainly permits the determination of necrop-

tosis in islet transplantation.

Given that TNF-a has demonstrated to be toxic to b-cells,

it is plausible that necroptosis contributes to islet cell death

in islet transplantation. An initial study by Farney et al.

demonstrated benefit of TNF-a blockade in a murine syn-

geneic islet transplant model73. Subsequently, in a single-

donor clinical transplant protocol utilizing etanercept, a

TNF-a fusion protein, Hering et al. achieved insulin inde-

pendence in all eight patients transplanted74. Bellin et al.

also revealed that islet transplant recipients receiving an

induction therapy T-cell depleting antibodies with TNF-a-

inhibition (TNF-a-i) exhibited significantly improved insu-

lin independence rates up to 5 years post-transplant than

recipients who did not receive TNF-a-i, regardless of main-

tenance immunosuppression75. Though these findings do not

specifically address whether necroptosis or apoptosis

account for TNF-a-induced b-cell death, this clearly merits

comprehensive further delineation in experimental islet

transplantation.

As previously noted, our laboratory examined the con-

certed administration of anti-inflammatory agents etanercept

and the IL-1 receptor agonist (IL-1Ra) anakinra in a murine

syngeneic islet transplant model, as well as in a human islet
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immunocompromised murine model26. The results from

this study revealed that when administered alone, these

agents could not augment engraftment outcomes in either

model. However, when administered together, a significant

proportion of islet transplant recipients became euglycemic

as compared with non-treated control recipients. In the

clinical setting, Matsumoto and colleagues achieved

single-donor success in three islet transplant patients

receiving etanercept and anakinra in a sirolimus-free

immunosuppression regimen76.

While pre-clinical and clinical studies utilizing these anti-

inflammatory agents suggest the role of reducing apoptosis

to confer engraftment efficacy, it seems likely that necrop-

tosis was also ameliorated in this setting. During necroptosis,

IL-1a is actively produced77. Given that IL-1a and IL-1b
bind to the same cell-surface receptor, and that anakinra

demonstrates the ability to prevent IL-1a and IL-1b activ-

ity78, it is plausible that the administration of anakinra may

have ameliorated the consequences of necroptosis.

The release of intracellular DAMPs from dying cells into

the extracellular milieu has been identified as a downstream

event associated with necroptosis, and other RN path-

ways79,80. In normal conditions, high-mobility group box 1

(HMGB1) has been associated with DNA winding and pro-

motes protein assembly81. However, HMGB1 has also been

implicated as a DAMP82. A novel classification of DAMPs

has recently been introduced83,84. In a study by Itoh and

colleagues, greater HMGB1 release from human and mouse

islets correlated with poorer islet engraftment outcomes85.

Matsumoto et al. further corroborated these experimental

findings in a clinical autotransplantation model86. Paredes-

Juarez et al. further established that when cultured in low

oxygen conditions, human islets exhibit robust HMGB1

release into the extracellular milieu in vitro82. In parallel,

treatment with necrostatin-1 (Nec-1), a once perceived inhi-

bitor of necroptosis, revealed the ability to significantly

reduce HMGB1 release in islets82. When islets were chal-

lenged with nitric oxide, Tamura and colleagues revealed the

release of HMGB1, as well as compromised islet viability,

which could be completely abrogated in the presence of Nec-

187. A caveat to these studies in pinpointing necroptosis as a

defined cell death modality in islets is that Nec-1 has demon-

strated the ability to potently inhibit necroptosis and ferrop-

tosis67. Therefore, these results, and others employing Nec-1

to confer cytoprotection in islets, permits further evaluation

to effectively delineate the contribution of necroptosis and/

or ferroptosis in islet cell death. This can be accomplished

through utilizing necroptosis-specific inhibitors, like Nec-1

stable (Nec-1 s), which may truly elucidate the role of

necroptosis in solid organ and prospectively, islet

transplantation.

Parthanatos. The over-activation of poly(ADP-ribose) poly-

merase (PARP)1 triggers parthanatos, a RN pathway that has

been implicated in neurodegenerative disorders, such as Par-

kinson’s disease88. PARP1 has been shown to be involved in

DNA repair, chromosome stability and the inflammatory

response89. Moreover, while other isoforms of PARP have

been identified, namely PARP2 and PARP3, specific inhibi-

tion of PARP1 solely prevents parthanatos. PARP1 activity

has been demonstrated in response to stimuli, such as DNA

damage and ROS production90. Under oxidative stress, acti-

vated PARP1 consumes nicotinamide adenine dinucleotide

(NADþ), depleting cellular adenosine triphosphate (ATP),

leading to eventual cellular energy collapse. PARP1 hyper-

activation results in the translocation of apoptosis-inducing

factor (AIF) from mitochondria to the nucleus, fragmenting

DNA91. Given that islet viability is susceptible to both sti-

muli, it is conceivable that parthanatos may play a role in b-

cell loss.

Murine studies have revealed that mice deficient in

PARP1 exhibit resistance to single-bolus treatment of strep-

tozotocin (STZ)92,93, a known b-cell toxin that induces DNA

damage through alkylation94,95. Further work has also

revealed that inhibition of PARP1 protects islets against free

radical- and cytokine-mediated islet damage96–98. Islets defi-

cient in PARP1 have also been associated with reduced

cytokine and endotoxin signaling, as evidenced by reduced

nuclear factor kappa-light-chain-enhancer of activated B-

cells (NF-kB) activation and its inflammatory gene targets,

such as inducible nitric oxide (NO) synthase (iNOS)99.

Andreone et al. revealed that islets isolated from PARP1-

deficient mice prevented islet cell death when exposed to

inflammatory cytokines, IL-1b and IFN-g, suggesting a role

of parthanatos in inflammatory injury to islets99. In a study

by Heller et al., islets pre-treated with the PARP1 inhibitor,

3-aminobenzamide, were partially protected when subse-

quently challenged with NO or ROS, further supporting a

role of PARP1 in islet cell death100. As a contributor to islet

cell death, PARP1 and other molecular targets in this path-

way may serve as important opportunities for intervention.

Cross-Talk between Regulated Cell Death Pathways

As described above, there are numerous RN pathways that

can be triggered by several molecular pathways. As such,

there is considerable cross-talk between components in dif-

ferent forms of these pathways. For example, RIPK3 has

been implicated in the processing of pro-IL-1b as a result

of promoting the NLRP3 inflammasome, independent of

necroptotic cell death101. Regulated cell death mechanisms

have also been implicated in chronic kidney injury, as

inflammasome activation and pyroptosis has been demon-

strated to occur33,101. Moreover, Nec-1 has also demon-

strated the capacity to inhibit ferroptosis, prospectively

suggesting implications in off-target, to be determined

mechanisms7. Within the context of islet transplantation,

cross-talk of the various regulated cell death pathways has

yet to be fully elucidated. It is conceivable that multiple

regulated pathways can contribute to islet dysfunction and

cell death, given that islets are susceptible to numerous sti-

muli that act as key contributors to the various regulated cell
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death mechanisms. Elucidating key molecules contributing

to islet demise will prove crucial for the development of

therapeutic treatments.

Conclusion

Despite substantial advances in clinical islet transplantation

over the past two decades, islet loss in the acute and peri-

transplant period remains a substantial obstacle to long-

term success. As such, single-donor transplant success rates

still remain elusive for the majority of islet recipients. Ther-

apeutic strategies to ameliorate islet cell death in the acute

and peri-transplant period provide an attractive approach to

preserve early islet mass, potentially improving long-term

engraftment outcomes. Apoptosis has been identified in

numerous pathological conditions and transplant settings,

including islet transplantation. Numerous pre-clinical and

clinical strategies have been employed to ameliorate the

deleterious events associated with apoptosis. However,

recent research endeavors have identified other notable,

regulated cell death modalities that are genetically and bio-

chemically distinct from apoptosis. The identification of

such RN pathways, including but not limited to, ferroptosis

and necroptosis, exhibit distinct biochemical hallmarks

with defined molecular machinery contributing to cellular

demise.

Our detailed review of published literature reveals that

hallmarks of various regulated cell death pathways contrib-

ute to islet b-cell death, but these pathways have not been

fully characterized to date. Studies aimed to identify the key

contributors of ferroptosis, necroptosis, and other regulated

necrotic pathways may be new and exciting arenas to

explore in islet transplantation. The key molecules identified

in these regulated cell death modalities may be ideal targets

for therapeutic intervention in the early isolation and acute

transplant period. With the potential cross-talk of these cell

death modalities, employing a single therapy to abate early

islet death either post-isolation or in the acute transplant

period may be of limited benefit. A multi-therapeutic

approach is likely required, as targeted inhibition of some

molecules may drive the incidence of other cell death path-

ways. Insights in pre-clinical and clinical investigations have

revealed that a multi-therapeutic strategy to combat various

biochemical pathways may be imperative to improve single-

donor engraftment outcomes. The administration of these

drugs to multi-organ donors and subsequently to transplant

recipients may also have considerable implications in sup-

porting islet viability and deterring the onset of islet cell

death. The window at which these drugs are administered

will likely be attributed to the time at which these regulated

cell death processes occur, as well as the homeostatic impor-

tance of these pathways in the host. The efficacy of any

interventions aimed at controlling regulated cell death will

depend heavily on their half-life and durability of action. It

will also be important to establish if these new target ther-

apeutics have direct toxicity to islet beta cells, or to the

engraftment and neovascularization process. Emerging evi-

dence of alternative, regulated cell death pathways in other

pathological conditions will continue to garner relevance in

islet transplantation. However, elucidating the mechanisms

that contribute to islet death in islet transplantation will be of

much benefit to ameliorate graft attrition thus improving

long-term engraftment outcomes.
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