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Islet transplantation in mice serves as a crucial preclinical model for understanding

alloimmune and autoimmune mechanisms, optimizing immunosuppressive strategies, and

developing novel therapies for diabetes. This review provides a comprehensive overview of

best practices in murine islet transplantation, including diabetes induction models, technical

aspects of islet transplantation, and criteria for transplant graft and rejection. We discuss

the immunological challenges posed by major histocompatibility complex disparities, the

impact of various transplantation sites, and the limitations of murine models in translating

findings to clinical settings. Special emphasis is placed on emerging strategies such as

stem cell-derived insulin-producing cells, immune tolerance induction, and alternative

transplantation sites. Although mouse models have significantly advanced our under-

standing of diabetes and β-cell replacement, their inherent differences from human physi-

ology necessitate careful interpretation of findings. The review also highlights novel imaging

modalities, immunosuppressive protocols, and biomarkers for graft monitoring,
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underscoring the need for further refinement of these models to bridge the gap between

experimental research and clinical application. By standardizing methodologies and

addressing translational limitations, murine islet transplantation studies remain a key model

in transplantation and can continue to shape the future of β-cell replacement therapies for

insulin-dependent diabetes.
1. Technical details

1.1. Description of the model

The 2 most widely used preclinical models of islet trans-
plantation recipients are autoimmune spontaneously diabetic
nonobese diabetic (NOD) mice and mice that are rendered dia-
betic by the injection of alloxan or streptozotocin (STZ). These 2
chemical agents induce diabetes by the selective destruction of
β-cells.1 In spontaneous diabetic NOD mice, T cell–mediated
autoimmunity is responsible for the loss of β-cells and a rapid
occurence of hyperglycemia.2 For the chemically-induced model,
a single dose of STZ (225 mg/kg)3 or alloxan (200 mg/kg)4

usually achieves diabetes induction. STZ is a β-cell toxic glucose
analog that is internalized into β-cells via GLUT2 and induces
necrosis and insulin deficiency. The mechanism of STZ-β-cell
cytotoxicity is through mitochondrial DNA and protein alkylation
and glycosylation, which induce depletion of NADþ and ATPþ

through PARP activation, inducing reactive oxygen species pro-
duction and ultimately leading to β-cell necrosis.1 After diabetes
induction, the transplantation of 400 to 500 pancreatic islets from
fully major histocompatibility complex (MHC)-mismatched do-
nors5 under the kidney capsule is conducted, aiming for diabetes
reversal. Normalization of glycemia delineates successful islet
transplantation, while rejection is defined as blood glucose levels
>250 mg/dL for at least 2 consecutive days.3 Another known
diabetogenic agent, alloxan, a cytotoxic glucose analog that is
internalized into β-cells via GLUT2 contributing to their necrosis
and therefore to insulin deficiency.1 Unlike STZ, the cytotoxicity of
alloxan is mediated through induction of reactive oxygen species
and also triggers inhibition of glucokinase, interfering with
glucose oxidation and ATP production and consequently
glucose-mediated insulin production and insulin biosynthesis.1

The instability, short half life (<2 min), poor diabetogenicity, and
age-dependent response to alloxan are limiting factors compared
to STZ.4 Although it lacks autoimmunity, the STZ model offers
multiple advantages, including consistent induction of diabetes,
simplified experimental design, and reduced variability, making it
a practical and widely used tool for studying alloimmune mech-
anisms in islet transplantation. Moreover, autoimmunity recur-
rence is rare in clinical islet transplantation due to effective
immunosuppression, making its absence in models such as STZ
injection less of a limitation.6
1.2. Degree of MHC mismatch and autoreactivity

Allograft rejection is alloantigen recognition by recipient
CD4þ/CD8þ T cells.7-9 C57BL/6 and BALB/c mice are fully
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mismatched for both MHC class I and class II.10,11 C57BL/6 mice
generate a vigorous alloreactive immune responses compared to
other strains12,13 and reject BALB/c islets with a median survival
time of 12 days.3,14 Both direct and indirect pathways of islet
rejection have been demonstrated.15 Also, in NOD mice, when
used as recipients of either complete or MHC class II-matched
islets, recurrent autoimmunity driven by autoreactive CD4/CD8
T cells can lead to the recurrent loss of β-cell mass.16

We provide details on differences in terms of graft survival
within the major strain combinations and immunosuppression
regimen in Table 1.17-28 We summarize the effect of modulating
important factors such as sex, cold ischemia time, diet, and site of
transplantation in Table 2.29-38

2. Terminology/classification

After recipients are rendered hyperglycemic by STZ injection,
islet transplantation restores normoglycemia immediately, except
in marginal islet mass studies.39 A return to hyperglycemia
usually indicates graft rejection. Hyperglycemia (>250 mg/dL for
2 consecutive days) is commonly used to define rejection,
although near-complete islet destruction is necessary for this
manifestation. The intraperitoneal glucose tolerance test offers a
more accurate measure of functional islet mass.40 An increasing
area under the curve in the intraperitoneal glucose tolerance test
could indicate ongoing islet loss before hyperglycemia develops.

In mouse models, islets are typically transplanted under the
kidney capsule or intraportally. Various methods are used to
assess the graft, including blood sugar, glucose tolerance tests,
C-peptide, histological and immunohistochemical analysis,
bioluminescence imaging, metabolic parameters, functional
tests, vascularization assessment, graft recovery with ex vivo
analysis, and hypoglycemia susceptibility testing. Of note, pre-
termination graft biopsy is usually not performed. Histological
examination focuses on immune cell infiltration, islet architecture,
and α- and β-cell staining. However, findings can sometimes be
inconclusive. Different immune cells (eg, lymphocytes vs myeloid
cells, effector vs regulatory T cells) can indicate varied immune
responses. Additionally, insulin production varies with β-cell
function, not just viability; thus, lack of insulin/C-peptide staining
does not necessarily indicate cell death.41 Accurate estimation of
graft size/mass from immunohistochemistry remains challenging
due to the 2-dimensional nature of the analysis of a 3-dimen-
sional structure. Islets are in fact organized into trilaminar
epithelial plates, folded with different degrees of complexity.42

Islet area can be determined using macros that calculate the total
insulin and glucagon area and determine the area of the islet
occupied by immune cell infiltrate.43 Techniques such as



Table 1
An overview of the main immunosuppressive therapies tested in murine islet transplantation.

Immunosuppressive

drugs

Dose Median survival time Donor strain Recipient strain References

CTLA4-Ig þ mATG mATG (500 μg on days 0 and 4) þ
CTLA4-Ig (500 μg on day 0; 250 μg

on days 2, 4, 6, 8, and 10)

54 d BALB/c NOD hyperglycemic Vergani et al17

Etanercept þ anakinra etanercept (5 mg/kg) anakinra (100

mg/kg)

26 d human islet

(1500 IEQs)

B6-Rag�/� McCall et al18

Anti-CD154 þ anti-LFA-

1

anti-CD154 alone (250 μg/d)

anti-LFA-1 (CD11a) (200 μg/d)

100 d BALB/c diabetic C57BL/6 mice Nicolls et al19

CD3 antibody F(ab’)2

fragments

5 injections of 50 μg each per day 42.5 � 2.3 d (if treatment

initiated at day �1)

80 d (if treatment initiated

at d þ7 or þ11)

BALB/c diabetic C57BL/6 mice You et al20

mIL-21R.Fc þ CTLA4-Ig mIL-21R.Fc (400 μg for 10 d)

CTLA4-Ig (total of 6 injections of 500

μg every 2 d)

100 d BALB/c diabetic C57BL/6 mice Petrelli et al21

IL-2/Fcþ/þ þ mIL-15/

Fcþ/þ þ rapamycin

IL-2/Fcþ/þ (5 μg daily for 2 wk) þ
mIL-15/Fcþ/þ (5 μg daily for 2 wk) þ
rapamycin (3 mg/kg for 2 wk)

>110 d DBA/2 IL-2 KO C57BL/6 Zheng et al22

Anti-CD154 þ CTLA4-Ig

þ rapamycin

rapamycin (3 mg/kg for 2 wk)

anti-CD154 (a dose of 0.25 mg every

other day for 2 wk) þ CTLA4-Ig (a

dose of 0.2 mg every other day for 2

wk)

30 d DBA/2 IL-2 KO C57BL/6 Li et al23

Anti-CD154 þ anti-LFA-

1 þ memory CD4þ T

cells

anti-CD154 (0.25 mg) þ anti-LFA-1

(4 doses of 0.1 mg) þmemory CD4þ

T cells

14 d BALB/c diabetic C57BL/6 mice Xia et al24

Anti-CD154 þ anti-

OX40L þ anti-LFA-1

þ memory CD4þ T

cells

anti-CD154 (0.25 mg) þ anti-OX40L

þ anti-LFA-1 (4 doses of 0.1 mg) þ
memory CD4þ T cells

>60 d BALB/c diabetic C57BL/6 mice Xia et al24

Anti-CD154 þ anti-

CD122þ anti-LFA-1þ
memory CD8þ T cells

anti-CD154 (0.25 mg) þ anti-CD122

þ anti-LFA-1 (4 doses of 0.1 mg) þ
memory CD8þ T cells

>60 d BALB/c diabetic C57BL/6 mice Xia J et al24

Rapamycin þ anti-

CD154 þ anti-OX40L

rapamycin (administered as a dose

of 3 mg/kg for 8 d), anti-CD154

(administered as 4 doses of 0.25 mg)

and anti-OX40L (administered as 4

doses of 0.25 mg)

11 d BALB/c sensitized diabetic C57BL/6 Hong et al25

(continued on next page)
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Table 1 (continued )

Immunosuppressive

drugs

Dose Median survival time Donor strain Recipient strain References

Anti-CD154 þ anti-

OX40L

anti-CD154 (administered as 4

doses of 0.25 mg) and anti-OX40L

(administered as 4 doses of 0.25 mg)

9 d BALB/c sensitized diabetic C57BL/6 Hong et al25

Anti-ICOS 0.1 mg/d for 2 wk 13 d BALB/c diabetic C57BL/6 Harada et al26

Anti-ICOS þ
Cyclosporin

anti-ICOS (0.1 mg/d for 2 wk)

cyclosporin (10 mg/kg/d for 2 wk)

16 d BALB/c diabetic C57BL/6 Harada et al26

Anti-ICOS þ rapamycin anti-ICOS (0.1 mg/d for 2 wk) þ
rapamycin (0.2 mg/kg/d for 2 wk)

47 d BALB/c diabetic C57BL/6 Nanji et al27

Low dose exenatide 0.2μg twice/d for 2 wk 41 d BALB/c diabetic C57BL/6 Ben Nasr et al28

Low dose exenatide 2 μg twice/d for 2 wk 67 d BALB/c diabetic C57BL/6 Ben Nasr et al28

Exenatide þ rapamycin Exenatide (2 μg twice/d for 2 wk) and

rapamycin (0.1 mg/d for 2 wk)

100 d BALB/c diabetic C57BL/6 Ben Nasr et al28

CTLA4-Ig, human cytotoxic T lymphocyte-associated antigen 4; ICOS, inducible T-cell costimulator; IEQ, islet equivalent; IL-2 KO, interleukin 2 knockout; LFA-1,
lymphocyte function-associated antigen-1; mATG, murine anti-thymocyte globulin; mIL-2/Fc, murine interleukin 2 cytolytic fusion protein; mIL-15/Fc, murine inter-
leukin 15 cytolytic fusion protein; mIL-21R.Fc, murine interleukin 21 receptor; NOD, nonobese diabetic.
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stereological methods and volumetric estimations from serial
sections can partially address this issue, while advanced imaging
modalities, including positron emission tomography, magnetic
resonance imaging, and bioluminescence imaging, offer prom-
ising noninvasive, nonpostmortem alternatives for graft size
estimation.44 Long-term islet graft survival in mice is possible45

but does not necessarily indicate tolerance. True tolerance re-
quires successful engraftment of a second same-donor graft
without further immunological manipulation.

In mice, donor-specific antibody (DSA)-mediated rejection is
not well-documented, as recipients are usually sacrificed soon
after rejection. In human islet transplantation, DSAs are typically
observed only after complete withdrawal of immunosuppres-
sion.46 The presence of DSA indicates cellular immunoreactivity
as CD4 help is required to develop naïve and memory DSAs.47

Preexisting antibodies and memory T and B cells can lead to
rapid graft rejection.48

3. Benefits of the mouse model

The mouse islet transplantation model serves multiple pur-
poses to dissect the immunological mechanisms resulting in graft
acceptance or rejection. Investigators employ it to investigate
mechanisms of immune tolerance, autoimmune-mediated
rejection, immune suppression, immune regulation, and the
role of donor or recipient characteristics (eg, age, sex, body mass
index, etc). The model facilitates studies on stem cells and islet
differentiation, as well as stem cell-derived products. It allows
exploration of tissue and cellular engineering approaches,
including organoids and islet β-cell encapsulation. Additionally, it
helps evaluate the role of immunosuppressive drugs and any
drug in general in the recipient. The model is crucial in developing
humanized mouse models and enables imaging experiments
1402
using mouse islets transplanted into the anterior chamber of the
eye. Lastly, it is valuable for conducting preclinical studies to test
new therapeutics. This versatility makes it an invaluable tool in
various areas of diabetes and transplantation research.

Additional benefits include transplant ease, genetic variants of
mice to track different cells, cytokines, or genes of interest
involved in diabetes or islet survival. A preferred site for trans-
plantation of mouse islets is under the kidney capsule because it
is less technically demanding without the requirements of
vascular anastomoses, as for heart or kidney transplantation,
making it a higher throughput technique to study allo- and xeno-
transplantation. However, islets do require neoangiogenesis for
oxygen and nutrients, and such conditions are met under the
kidney capsules and at various implantation sites.49 Many islet
transplants can be accomplished in a single day, allowing in-
vestigators to achieve statistical scientific rigor. There are many
genetic variations of mice available to test mechanisms of islet
graft acceptance or rejection, with transgenic expression or con-
ditional knockout of many genes and markers to track immune or
β-cells following transplantation or CD4 and CD8 T cells from
T-cell receptor transgenic mice useful for tracking T-cell
specificity.50-52

Mouse models of islet transplantation yield immunologically
and physiologically relevant information that can be applied, to
some degree, to our understanding of human islet trans-
plantation. Autoimmune and alloimmune targets can be evalu-
ated by assessing common islet antigens for autoimmune (eg,
insulin, insulinoma-associated protein-2, glutamate decarbox-
ylase, and zinc transporter 8) and alloimmune (major and minor
histocompatibility differences) responses. Despite some similar-
ities between mice and humans, there are substantial differ-
ences, discussed below, that make interpretation of results not
consistently generalizable to humans.



Table 2
Impact of sex, cold ischemia time, diet, and various factors on graft survival.

Variable tested Dose Median survival

time

Donor strain Recipient strain References

Female sex hormone 17

β-estradiol þ sirolimus þ
tacrolimus

E2 (0.18 mg) sirolimus (0.1 mg/

kg for 4 wk)/ tacrolimus (1 mg/kg)

100 d 1000 of human

IEQ

Diabetic male

immunodeficient

nude

Contreras et al29

Cold ischemia Islets stored at 4 �C for 24 h 8 d BALB/c mice Diabetic BALB/c

mice

Wassmer et al30

Cold ischemia þ liraglutide Islets stored at 4 �C for 24 h þ/�
liraglutide (12 μg/mL)

25 d BALB/c mice Diabetic BALB/c

mice

Wassmer et al30

Cold ischemia þ liraglutide Islets stored at 4 �C for 24 h þ/�
liraglutide (12 μg/mL)

51 d 1500 human IEQ Diabetic

immunodeficient

nude mice

Wassmer et al30

Cold ischemia Islets stored at 4 �C for 24 h 19 d 1500 human IEQ Diabetic

immunodeficient

nude mice

Wassmer et al30

IRI and ROS production under UW

þ AP39

UW media þ AP39 (400 nM)

under CIT 18 h and WIT 27 min

20 d 1500 IEQ of

porcine islets

Diabetic-SCID

mice

Nishime et al31

IRI and ROS production under UW DMSO þ UW media under Cold

ischemic time (CIT) ¼ 18 h and

WIT ¼ 27 min

0 d 1500 IEQ of

porcine islets

Diabetic-SCID

mice

Nishime et al31

IRI in presence of redoxmodulator

CA (FBC007)

CA-treated (68 μmol/L) islets for

24 h

31 d BALB/c Diabetic-C57BL/6

mice

Sklavos et al32

A2A receptor agonists (ATL146e)

treatment on IRI

50 Islets þ ATL146e (60 ng/kg/

min for 7 d)

10 d vs 16 d in

untreated

C57BL/6 mice Diabetic-C57BL/6

mice

Chhabra et al33

A2A receptor agonists (ATL146e

and ATL313) treatment on IRI

50 Islets þATL146e (60 ng/kg/

min for 7 d)

28.5 d vs 26 d in

untreated

BL/6-A2AAR-KO

mice

Diabetic-C57BL/6

mice

Chhabra et al33

Calcitrol (vitamin d3 analog) þ
mmf

calcitrol (5 μg/kg 3 times/wk);

MMF (100 mg/kg/d)

85 C57BL/6 mice Diabetic BALB/c

mice

Infante et al34

Calcitrol (vitamin d3 analog) 5 μg/kg 3 times/wk 52 C57BL/6 mice Diabetic BALB/c

mice

Infante et al34

Mmf MMF (100 mg/kg/day) 48 C57BL/6 mice Diabetic BALB/c

mice

Gregori et al35

Calcitrol/MMF Calcitrol (5 μg/kg 3 times/wk)

MMF (100 mg/kg/d)

85 C57BL/6 mice Diabetic BALB/c

mice

Gregori et al35

ω-3 PUFAs (EPA and DHA) þ
Vitamin D3 þ daclizumab

ω-3 PUFAs (EPA and DHA) (7

mg/kg) þ vitamin D3 (5 μg/kg) þ
daclizumab (0.05 mg/kg)

18 d

Vs 14.8 d

Sprague-Dawley

rats

Diabetic Sprague-

Dawley rats

Gurol et al36

High Zn diet ZnSO4 at 1000 ppm (high Zn diet

group)

vs ZnSO4 at 50 ppm (control

group)

6.7% Showed

early graft failure

at day 3 vs 33.3%

in control

Male Wistar rats Male Wistar rats Okamoto et al37

(continued on next page)
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Table 2 (continued )

Variable tested Dose Median survival

time

Donor strain Recipient strain References

Kidney subcapsular space 220-250 Islets per recipient 100% C57BL/6 mice Diabetic C57BL/6

mice

Stokes et al38

Spleen subcapsular space 220-250 Islets per recipient 29% C57BL/6 mice Diabetic C57BL/6

mice

Stokes et al38

Liver subcapsular space 220-250 islets per recipient 0 C57BL/6 mice Diabetic C57BL/6

mice

Stokes et al38

Muscle 70% C57BL/6 mice Diabetic C57BL/6

mice

Stokes et al38

Portal vein 220–250 Islets per recipient vs

440–500 islets per recipient

60%

Vs 78% with

double dose of

islets

C57BL/6 mice Diabetic C57BL/6

mice

Stokes et al38

Kidney subcapsular space 2000 IEQ per recipient 78% Human islets Diabetic BALB/c

SCID mice

Stokes et al38

Spleen subcapsular space 0 Human islets Diabetic BALB/c

SCID mice

Stokes et al38

Liver subcapsular space 2000 IEQ per recipient 0 Human islets Diabetic BALB/c

SCID mice

Stokes et al38

Muscle 2000 IEQ per recipient vs

4000 IEQ

29%

Vs 56% with

double dose of

IEQ

Human islets Diabetic BALB/c

SCID mice

Stokes et al38

Portal vein 2000 IEQ per recipient 29% Human islets Diabetic BALB/c

SCID mice

Stokes et al38

CIT, cold ischemic time; DHA, docosahexaenoic acid; DMSO, dimethylsulfoxide; EPA, eicosapentaenoic acid; IEQ, islet equivalent; IRI, ischemia-reperfusion injury; KO,
knockout; MMF, mycophenolate mofetil; PUFA, polyunsaturated fatty acid; ROS, reactive oxygen species; SCID, severe combined immunodeficient; UW, University of
Wisconsin solution; WIT, warm ischemic time.
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Several approaches for developing immune tolerance using the
mouse model have formed the basis for antigen-specific immuno-
therapies in human clinical trials. Examples include prevention of
islet xenograft rejection by masking donor MHC class I antigens.53

CTLA4-Ig, a soluble fusion protein that binds to CD80 and CD86
and blocks T cell activation in vitro, blocks human islet rejection in
mice, inducing long-term, donor-specific tolerance.54 These
studies led to clinical trials for CTLA4-Ig. Bluestone and col-
leagues55 showed anti-ICAM-1 antibody prolonged islet trans-
plants, as did targeting costimulation using anti-CD80 and
anti-CD86.56 Others57 identified donor-specific therapy using an-
tibodies targeting CD40 ligand. CD40-CD40L interactions play a
critical role during allograft rejection in mouse islets.58 Anti-CD3
antibody was shown to induce long-term remission of overt auto-
immunity in NOD mice,59 which formed the basis of the current
therapy for new onset type 1 diabetics, teplizumab, currently
approved for human therapy.60 These initial studies paved the way
for current costimulatory blockade therapies in islet transplantation,
1404
kidney transplant, and continued investigation inmultiple transplant
studies in humans and nonhuman primates (NHPs).

The mouse model61,62 has been extensively used to develop
donor-specific regulatory T cells tested in multiple NHP sys-
tems63 and in human clinical trials.64,65 Tolerance via infusion of
apoptotic donor leukocytes was developed using mouse islet
transplant models66 and has since been tested in NHPs63 and
human trials67 for allo- and autoimmunity.

As new tolerance strategies enter clinical trials, mouse
models may help predict whether specific immunosuppressive
mediations may be beneficial or harmful in the induction of donor-
specific tolerance. Eg, calcineurin inhibitors inhibit tolerance in-
duction, whereas mTOR inhibitors are favorable.68

4. Limitations

One significant limitation is the difference in immunologic re-
sponses between mice and humans.69,70 Mice have a different
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repertoire of immune cells and cytokine responses, which make
rejection mechanisms, timing, and intensity significantly different
between various mouse strains and between mice and humans.
A classic example is that BALB/c islets transplanted in C57BL/6
mice will be rejected, while C57BL/6 islets transplanted in
BALB/c mice will not, owing to the differences in Th1/Th2 re-
sponses in these 2 strains.71 The underlying autoimmune
component in type 1 diabetic patients is absent in mice unless the
NOD mouse model is used (which is the case in <25% of
studies72). Moreover, the genetic homogeneity of inbred mouse
strains does not capture the genetic diversity seen in the human
population. This lack of genetic variability can lead to an over-
simplification of the complex interactions between the immune
system and transplanted islets. These issues could be partially
addressed by using mice with fully humanized immune systems
(eg, TruHuX mice).73 The use of humanized immune system
models is attractive but comes with limitations, including incom-
plete replication of human immune responses and challenges in
engraftment efficiency. Inducing tolerance to allogeneic islets is
facilitated by recipient factors such as genetic strain, absence of
autoimmunity, and lack of preexisting allogeneic memory, which
may not fully reflect clinical scenarios. Another concern is the
efficacy and potency of immunosuppressive drugs in murine
models, which are notably different from humans. Eg, a single
dose of costimulation blockade can lead to indefinite allogeneic
islet graft survival in mice.74 In addition, steroids, mTOR, and
calcineurin inhibitor-based immunosuppressive therapies can
impair β-cell function and survival with potential magnitude dif-
ferences between human and mice. These immune discrep-
ancies can lead to challenges in translating findings from murine
models to human clinical settings.

Another potential limitation is the small size of mice, which
modifies the number of islets and the site where they can be
transplanted, acknowledging the fact that mouse and human is-
lets are the same size, whereas organ and vessel sizes are
tremendously different. Thus, most transplant sites in mice are
not intravascular spaces, and, therefore, do not account for the
instant blood-mediated inflammatory reaction that takes place
and destroys 25% to 75% of the islets in humans.75,76 Inflam-
mation, vascularization, oxygen tension, rejection mechanisms,
and scarring are notably different between transplant sites in
mice and humans. The kidney capsule is typically not used in
humans. The liver portal system, routinely used and largely
preferred in humans,76–81 is a suboptimal transplant site in mice
due to the embolic risk posed by the size of the islets.82 Other
transplant sites in mice such as the peritoneal cavity, spleen,
intramuscular, subcutaneous tissue, and anterior eye chamber
all possess very specific microenvironments with or without im-
mune privileges and different revascularization capacities, and
scientific observations cannot be immediately translatable to
humans.49 Eg, islets transplanted in bone marrow seemed to
work well in mice compared to liver83; however, this observation
was not validated compared to the kidney capsule in mice84 and
showed poor results human trials.85 There is a discrepancy be-
tween the ability of alginate microencapsulated xenogeneic islets
to durably reverse diabetes in mice in the absence of
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immunosuppression86 (up to 3 months in that study) compared to
the inability to do so in large animals or humans.87 The main
reason is that the intraperitoneal space is a highly vascularized
site in mice, allows rapid diffusion of oxygen and nutrients, and
can easily sustain 1 mL of encapsulated islets. In contrast, 1 L of
islets will have severe hypoxia and absence of nutrient diffusion
in humans (especially in the center of the capsule plug).

The metabolic rate of mice is much higher than that of
humans, which affects the interpretation of glucose tolerance
tests and other metabolic assessments.40 Eg, mice are mostly
nocturnal feeders, and an overnight fast has a much more pro-
found effect on mice than on humans.40 The intraperitoneal
administration of glucose leads to no incretin response in mice,
which can potentiate the glucose-mediated insulin response.40

Some of the abovementioned limitations can be addressed by
using large animal models of diabetes.88

The induction of diabetes in mice using STZ (or alloxan) has
limitations. While STZ selectively destroys β-cells, the resulting
model does not fully replicate autoimmune type 1 diabetes in
humans. STZ also causes severe tissue damage in other organs
such as the liver and kidneys and in the immune system.72 Eg, T
regulatory cells are notably enhanced, artificially promoting
tolerance.72 Additionally, the acute onset of diabetes in
STZ-treated mice does not mimic the chronic progression of the
disease in humans and lacks the autoimmune components that
characterize it, potentially affecting the evaluation of long-term
therapeutic interventions. Finally, several studies demonstrated
that diabetic mice treated with high-dose STZ showed significant
restoration of endogenous β-cell function after the removal of
transplanted islets.86 This suggests that native islets can
regenerate and contribute to the recovery of В cell function,
which is different from type 1 diabetes in humans.89 Some of the
limitations of the STZ model can be addressed with the NOD
mouse model. While the NOD mouse model provides a more
accurate representation of autoimmune diabetes, its sponta-
neous and variable disease onset, unique immune profile, and
genetic homogeneity introduce complexities that the more pre-
dictable and controlled STZ model avoids. A last limitation worth
mentioning is that while bulk transplantation is more efficient,
hand picking islets may enhance graft quality by selecting higher
viability islets; however, this approach is labor-intensive and less
feasible for large-scale clinical applications. An overview of the
main limitations is displayed in Table 3.40,69,70,72,73,75,76,82,89

5. Future perspectives: Using mouse models to
address critical gaps in knowledge

To facilitate translation of knowledge from mouse islet trans-
plant models to human islet transplantation, it is paramount that
the models be tailored to address critical gaps in knowledge in
the field:

1. Identification of biomarkers of immune damage for experimental
and clinical monitoring: Identifying biomarkers of immune-
mediated damage before the development of hyperglycemia
would allow early interventions to prevent irreversible loss of β-cell
mass.90 Global immune activation by serum cytokines has been



Table 3
Limitations and characteristics in mice vs humans.

Limitations Characteristics in mice Characteristics in humans Reference

Immune system

differences

Rejection primarily involves predictable, rapid T

cell–mediated responses due to uniform genetic

backgrounds

Rejection is more complex, often involving

antibody-mediated and chronic rejection

influenced by diverse HLA profiles

Shay et al69

Bjornson-Hooper et al70

Genetic homogeneity Limited genetic diversity; oversimplified interactions

between immune system and islets

High genetic diversity; more complex

immune and genetic interactions

Muller et al72

Small size of the organism Alters the no. of islets and limits transplant site

options; kidney capsule commonly used

Larger size dictates the liver as the preferred

site; more options for transplant sites

Delaune et al82

Anatomical and

physiological differences

Vascularization, oxygenation, and transplant

microenvironments differ significantly

Human liver portal system is preferred;

physiological conditions more aligned with

clinical practice

Niclauss et al76

High metabolic rate Impacts glucose tolerance test results; nocturnal

feeding and fasting effects more profound

Lower metabolic rate; fasting and feeding

impacts are less extreme

Andrikopoulos et al40

Streptozotocin-induced

diabetes model

Effective in destroying beta cells but lacks chronic

progression and autoimmune features

Autoimmune nature of Type 1 diabetes;

chronic progression over time

Muller et al89

Humanized immune

system models

Genetically homogenous strains, no preexisting

allogeneic memory, no autoimmunity, facilitated

tolerance induction, incomplete replicate,

challenging

Genetic diversity, allogeneic memory,

autoimmune recurrence

Chupp et al73

Transplant site and IBMIR

differences

Sites in mice are nonintravascular; IBMIR not

accounted for

Intravascular sites such as liver; IBMIR

significantly impacts outcomes

Cabric et al75

HLA, human leukocyte antigen; IBMIR, instant blood-mediated inflammatory reaction.
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explored as a potential biomarker, although byproducts such as
exosomes released by damaged islets may provide more specific
indications of β-cell injury.91 However, these changes may result
from mechanical injury during islet isolation and transplantation
rather than donor-specific immunity. Although individual bio-
markers have been studied, a combination of markers repre-
senting diverse processes of β-cell damage may ultimately serve
as a more accurate surrogate. These biomarkers must also
consider the specifics of the graft, such as allogeneic vs xeno-
geneic islets and whole islets vs stem cell-derived insulin-pro-
ducing cells.

2. Defining mouse and human immune responses to stem cell-
derived insulin-producing cells vs fully differentiated islets: As the
field progresses toward renewable sources of insulin-producing
cells for β-cell replacement therapies,92 adapting mouse models
to study stem cell-derived insulin-producing cells becomes critical.
This includes evaluating the feasibility of intraportal transplantation
for single cells compared to whole islets and integrating bio-
scaffolds93 or immune isolating devices94 to better reflect human
transplantation scenarios. Furthermore, humanized mouse models
are essential to mimic human immune responses accurately.
Although these models have advanced significantly (reviewed by
Brehm et al95), their ability to capture the entire spectrum of human
immune reactions, particularly in β-cell replacement therapies,
warrants careful assessment.

3. Investigations to identify sites of transplantation49 and approaches
to improve delivery of islets vs islet stem cells: Mouse models must
address whether specific transplant sites and delivery methods are
suitable for single cells, stem cell-derived insulin-producing cells,
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andwhole islets. Sites such as the anterior chamber of the eye have
emerged as promising options, allowing for longitudinal imag-
ing.96,97,98 Innovative encapsulation strategies, such as nano-
encapsulation and microencapsulation99 or macroencapsulation
devices, show promise in immune protection and engraftment
improvement.

4. Impact of preexisting autoimmunity: The NODmousemodel100 has
demonstrated the influence of preexisting β-cell autoimmunity on
the destruction of syngeneic islets. Whether preexisting autoim-
munity affects subsequent alloimmunity or xenoimmunity to
transplanted islets remains a critical question. Studies should also
explore its impact on stem cell-derived insulin-producing cells.

Recent advances in mouse models have facilitated critical
insights into islet transplantation, including the development of
humanized models to study immune interactions,101 intravital
microscopy for real-time visualization of islet function and
vascularization,102,103 and advanced imaging modalities such
as positron emission tomography, magnetic resonance imaging,
and bioluminescence imaging.104,105 Additional innovations
include genetically engineered biosensors for monitoring
cellular processes,102,106 cotransplantation with accessory cells
such as mesenchymal stem cells,107 and efforts to create
“invisible” stem cell-derived islets to evade immune detec-
tion.108 These efforts collectively contribute to a more compre-
hensive understanding of islet biology and improved diabetes
treatment strategies.



R.P.H. Meier et al. American Journal of Transplantation 25 (2025) 1399–1409
Declaration of competing interest

The authors of this manuscript have no conflicts of
interest to disclose as described by American Journal of
Transplantation.

ORCiD

Raphael P.H. Meier https://orcid.org/0000-0001-9050-0436
Moufida Ben Nasr https://orcid.org/0000-0002-1022-7853
Brian T. Fife https://orcid.org/0000-0001-9826-5637
Erik B. Finger https://orcid.org/0000-0003-3899-6985
Paolo Fiorina https://orcid.org/0000-0002-1093-7724
Xunrong Luo https://orcid.org/0000-0001-5581-9409
Jonathan S. Bromberg https://orcid.org/0000-0002-1407-8795

References

1. Lenzen S. The mechanisms of alloxan- and streptozotocin-induced
diabetes. Diabetologia. 2008;51(2):216–226.

2. Ansari MJI, Fiorina P, Dada S, et al. Role of ICOS pathway in
autoimmune and alloimmune responses in NOD mice. Clin Immunol.
2008;126(2):140–147.

3. Fiorina P, Jurewicz M, Tanaka K, et al. Characterization of donor
dendritic cells and enhancement of dendritic cell efflux with CC-
chemokine ligand 21: a novel strategy to prolong islet allograft survival.
Diabetes. 2007;56(4):912–920.

4. Federiuk IF, Casey HM, Quinn MJ, Wood MD, Ward WK. Induction of
type-1 diabetes mellitus in laboratory rats by use of alloxan: route of
administration, pitfalls, and insulin treatment. Comp Med. 2004;54(3):
252–257.

5. Jofra T, Galvani G, Georgia F, Silvia G, Gagliani N, Battaglia M. Murine
pancreatic islets transplantation under the kidney capsule. Bio Protoc.
2018;8(5):e2743.

6. Kalaitzoglou E, Fowlkes JL, Thrailkill KM. Mouse models of type 1
diabetes and their use in skeletal research. Curr Opin Endocrinol
Diabetes Obes. 2022;29(4):318–325.

7. Sayegh MH, Wu Z, Hancock WW, et al. Allograft rejection in a new
allospecific CD4þ TCR transgenic mouse. Am J Transplant. 2003;3(4):
381–389.

8. Zhou P, Borojevic R, Streutker C, Snider D, Liang H, Croitoru K.
Expression of dual TCR on DO11.10 T cells allows for ovalbumin-
induced oral tolerance to prevent T cell-mediated colitis directed
against unrelated enteric bacterial antigens. J Immunol. 2004;172(3):
1515–1523.

9. Abbas AK, Sharpe AH. T-cell stimulation: an abundance of B7s. Nat
Med. 1999;5(12):1345–1346.

10. Coulombe M, Yang H, Guerder S, Flavell RA, Lafferty KJ, Gill RG.
Tissue immunogenicity: the role of MHC antigen and the lymphocyte
costimulator B7-1. J Immunol. 1996;157(11):4790–4795.

11. Beilke J, Johnson Z, Kuhl N, Gill RG. A major role for host MHC class I
antigen presentation for promoting islet allograft survival. Transplant
Proc. 2004;36(4):1173–1174.

12. Parr EL, Lafferty KJ, Bowen KM, McKenzie IF. H-2 complex and Ia
antigens on cells dissociated from mouse thyroid glands and islets of
Langerhans. Transplantation. 1980;30(2):142–148.

13. Parr EL, Oliver JR, King NJ. The surface concentration of H-2 antigens
on mouse pancreatic beta-cells and islet cell transplantation. Diabetes.
1982;31(Suppl 4):1–10.

14. Ben Nasr M, Vergani A, Avruch J, et al. Co-transplantation of
autologous MSCs delays islet allograft rejection and generates a local
immunoprivileged site. Acta Diabetol. 2015;52(5):917–927.

15. Makhlouf L, Yamada A, Ito T, et al. Allorecognition and effector
pathways of islet allograft rejection in normal versus nonobese diabetic
mice. J Am Soc Nephrol. 2003;14(8):2168–2175.
1407
16. Makhlouf L, Kishimoto K, Smith RN, et al. The role of autoimmunity in
islet allograft destruction: major histocompatibility complex class II
matching is necessary for autoimmune destruction of allogeneic islet
transplants after T-cell costimulatory blockade. Diabetes. 2002;51(11):
3202–3210.

17. Vergani A, D’Addio F, Jurewicz M, et al. A novel clinically relevant
strategy to abrogate autoimmunity and regulate alloimmunity in NOD
mice. Diabetes. 2010;59(9):2253–2264.

18. McCall M, Pawlick R, Kin T, Shapiro AMJ. Anakinra potentiates the
protective effects of etanercept in transplantation of marginal mass
human islets in immunodeficient mice. Am J Transplant. 2012;12(2):
322–329.

19. Nicolls MR, Coulombe M, Beilke J, Gelhaus HC, Gill RG. CD4-
dependent generation of dominant transplantation tolerance induced
by simultaneous perturbation of CD154 and LFA-1 pathways.
J Immunol. 2002;169(9):4831–4839.

20. You S, Zuber J, Kuhn C, et al. Induction of allograft tolerance by
monoclonal CD3 antibodies: a matter of timing. Am J Transplant. 2012;
12(11):2909–2919.

21. Petrelli A, Carvello M, Vergani A, et al. IL-21 is an antitolerogenic
cytokine of the late-phase alloimmune response. Diabetes. 2011;
60(12):3223–3234.

22. Zheng XX, S�anchez-Fueyo A, Sho M, Domenig C, Sayegh MH,
Strom TB. Favorably tipping the balance between cytopathic and
regulatory T cells to create transplantation tolerance. Immunity. 2003;
19(4):503–514.

23. Li XC, Zand MS, Li Y, Zheng XX, Strom TB. On histocompatibility
barriers, Th1 to Th2 immune deviation, and the nature of the allograft
responses. J Immunol. 1998;161(5):2241–2247.

24. Xia J, Chen J, Shao W, et al. Suppressing memory T cell activation
induces islet allograft tolerance in alloantigen-primed mice. Transpl Int.
2010;23(11):1154–1163.

25. Hong J, Yeom HJ, Lee E, et al. Islet allograft rejection in sensitized
mice is refractory to control by combination therapy of immune-
modulating agents. Transpl Immunol. 2013;28(2-3):86–92.

26. Harada H, Salama AD, Sho M, et al. The role of the ICOS-B7h T cell
costimulatory pathway in transplantation immunity. J Clin Invest. 2003;
112(2):234–243.

27. Nanji SA, Hancock WW, Anderson CC, et al. Multiple combination
therapies involving blockade of ICOS/B7RP-1 costimulation facilitate
long-term islet allograft survival. Am J Transplant. 2004;4(4):
526–536.

28. Ben Nasr M, Usuelli V, Dellepiane S, et al. Glucagon-like peptide 1
receptor is a T cell-negative costimulatory molecule. Cell Metab. 2024;
36(6):1302–1319.e12.

29. Contreras JL, Smyth CA, Bilbao G, Young CJ, Thompson JA,
Eckhoff DE. 17β-Estradiol protects isolated human pancreatic islets
against proinflammatory cytokine-induced cell death: molecular
mechanisms and islet functionality. Transplantation. 2002;74(9):
1252–1259.

30. Wassmer CH, Perrier Q, Combescure C, et al. Impact of ischemia time
on islet isolation success and posttransplantation outcomes: a
retrospective study of 452 pancreas isolations. Am J Transplant. 2021;
21(4):1493–1502.

31. Nishime K, Miyagi-Shiohira C, Kuwae K, et al. Preservation of
pancreas in the University of Wisconsin solution supplemented with
AP39 reduces reactive oxygen species production and improves islet
graft function. Am J Transplant. 2021;8(21):2698–2708.

32. Sklavos MM, Bertera S, Tse HM, et al. Redox modulation protects
islets from transplant-related injury. Diabetes. 2010;59(7):1731–1738.

33. Chhabra P, Wang K, Zeng Q, et al. Adenosine A2A agonist
administration improves islet transplant outcome: evidence for the role
of innate immunity in islet graft rejection. Cell Transplant. 2010;19(5):
597–612.

34. Infante M, Ricordi C, Padilla N, et al. The role of vitamin D and omega-
3 PUFAs in islet transplantation. Nutrients. 2019;11(12):2937.

https://orcid.org/0000-0001-9050-0436
https://orcid.org/0000-0002-1022-7853
https://orcid.org/0000-0001-9826-5637
https://orcid.org/0000-0003-3899-6985
https://orcid.org/0000-0002-1093-7724
https://orcid.org/0000-0001-5581-9409
https://orcid.org/0000-0002-1407-8795
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref1
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref1
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref1
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref2
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref2
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref2
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref2
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref3
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref3
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref3
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref3
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref3
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref4
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref4
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref4
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref4
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref4
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref5
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref5
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref5
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref6
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref6
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref6
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref6
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref7
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref7
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref7
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref7
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref7
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref8
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref8
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref8
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref8
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref8
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref8
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref9
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref9
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref9
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref10
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref10
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref10
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref10
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref11
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref11
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref11
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref11
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref12
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref12
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref12
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref12
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref13
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref13
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref13
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref13
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref14
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref14
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref14
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref14
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref15
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref15
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref15
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref15
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref16
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref16
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref16
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref16
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref16
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref16
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref17
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref17
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref17
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref17
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref18
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref18
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref18
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref18
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref18
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref19
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref19
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref19
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref19
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref19
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref20
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref20
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref20
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref20
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref21
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref21
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref21
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref21
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref22
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref22
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref22
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref22
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref22
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref22
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref23
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref23
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref23
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref23
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref24
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref24
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref24
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref24
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref25
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref25
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref25
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref25
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref26
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref26
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref26
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref26
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref27
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref27
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref27
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref27
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref27
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref28
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref28
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref28
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref28
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref29
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref30
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref30
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref30
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref30
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref30
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref31
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref31
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref31
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref31
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref31
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref32
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref32
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref32
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref33
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref33
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref33
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref33
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref33
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref33
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref34
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref34


R.P.H. Meier et al. American Journal of Transplantation 25 (2025) 1399–1409
35. Gregori S, Casorati M, Amuchastegui S, Smiroldo S, Davalli AM,
Adorini L. Regulatory T cells induced by 1α,25-dihydroxyvitamin D3

and mycophenolate mofetil treatment mediate transplantation
tolerance. J Immunol. 2001;167(4):1945–1953.

36. Gurol AO, Okten-Kursun A, Kasapoglu P, et al. The synergistic effect
of ω3 and Vit D3 on glycemia and TNF-α in islet transplantation. Cell
Mol Biol (Noisy-le-grand). 2016;62(1):90–98.

37. Okamoto T, Kuroki T, Adachi T, et al. Effect of zinc on early graft failure
following intraportal islet transplantation in rat recipients. Ann
Transplant. 2011;16(3):114–120.

38. Stokes RA, Cheng K, Lalwani A, et al. Transplantation sites for human
and murine islets. Diabetologia. 2017;60(10):1961–1971.

39. Rink JS, McMahon KM, Zhang X, et al. Knockdown of intraislet IKKβ by
spherical nucleic acid conjugates prevents cytokine-induced injury and
enhances graft survival. Transplantation. 2013;96(10):877–884.

40. Andrikopoulos S, Blair AR, Deluca N, Fam BC, Proietto J. Evaluating
the glucose tolerance test in mice. Am J Physiol Endocrinol Metab.
2008;295(6):E1323–E1332.

41. Cuenco J, Dalmas E. Islet inflammation and β cell dysfunction in type 2
diabetes. Handb Exp Pharmacol. 2022;274:227–251.

42. Bosco D, Armanet M, Morel P, et al. Unique arrangement of α- and
β-cells in human islets of Langerhans. Diabetes. 2010;59(5):
1202–1210.

43. Dwyer AJ, Ritz JM, Mitchell JS, et al. Enhanced CD4þ and CD8þ T cell
infiltrate within convex hull defined pancreatic islet borders as
autoimmune diabetes progresses. Sci Rep. 2021;11(1):17142.

44. Lithovius V, Lahdenpohja S, Ibrahim H, et al. Non-invasive
quantification of stem cell-derived islet graft size and composition.
Diabetologia. 2024;67(9):1912–1929.

45. Luo X, Miller SD, Shea LD. Immune tolerance for autoimmune disease
and cell transplantation. Annu Rev Biomed Eng. 2016;18:181–205.

46. Pouliquen E, Baltzinger P, Lemle A, et al. Anti-donor HLA antibody
response after pancreatic islet grafting: characteristics, risk factors, and
impact on graft function. Am J Transplant. 2017;17(2):462–473.

47. Chen CC, Koenig A, Saison C, et al. CD4þ T cell help is mandatory for
naive and memory donor-specific antibody responses: impact of
therapeutic immunosuppression. Front Immunol. 2018;9:275.

48. Dangi A, Yu S, Lee FT, et al. Donor apoptotic cell-based therapy for
effective inhibition of donor-specific memory T and B cells to promote
long-term allograft survival in allosensitized recipients. Am J
Transplant. 2020;20(10):2728–2739.

49. Merani S, Toso C, Emamaullee J, Shapiro AM. Optimal implantation
site for pancreatic islet transplantation. Br J Surg. 2008;95(12):
1449–1461.

50. Grubin CE, Kovats S, deRoos P, Rudensky AY. Deficient positive
selection of CD4 T cells in mice displaying altered repertoires of MHC
class II-bound self-peptides. Immunity. 1997;7(2):197–208.

51. Brennan TV, Hoang V, Garrod KR, et al. A new T-cell receptor
transgenic model of the CD4þ direct pathway: level of priming
determines acute versus chronic rejection. Transplantation. 2008;
85(2):247–255.

52. Graser RT, Camphausen RT, Sharpe AH, Thompson CB,
Bluestone JA. T cell receptor expression by tumor-infiltrating
lymphocytes in murine sarcoma. J Exp Med. 1988;167(6):2101–2110.

53. Auchincloss H Jr, Lee R, Shea S, Markowitz JS, Grusby MJ,
Glimcher LH. The role of “indirect” recognition in initiating rejection of
skin grafts from major histocompatibility complex class II-deficient
mice. Proc Natl Acad Sci U S A. 1993;90(8):3373–3377.

54. Lenschow DJ, Zeng Y, Thistlethwaite JR, et al. Long-term survival of
xenogeneic pancreatic islet grafts induced by CTLA4lg. Science. 1992;
257(5071):789–792.

55. Zeng Y, Gage A, Montag A, Rothlein R, Thistlethwaite JR,
Bluestone JA. Inhibition of transplant rejection by pretreatment of
xenogeneic pancreatic islet cells with anti-ICAM-1 antibodies.
Transplantation. 1994 Sep 27;58(6):681–689. PMID: 7940687.
1408
56. Lenschow DJ, Zeng Y, Hathcock KS, et al. Inhibition of transplant
rejection following treatment with anti-B7-2 and anti-B7-1 antibodies.
Transplantation. 1995 Nov 27;60(10):1171–1178. https://doi.org/
10.1097/00007890-199511270-00019. PMID: 7482727.

57. Anwar IJ, Berman DM, DeLaura I, et al. The anti-CD40L monoclonal
antibody AT-1501 promotes islet and kidney allograft survival and
function in nonhuman primates. Sci Transl Med. 2023 Dec 27;15(711):
eadf6376. https://doi.org/10.1126/scitranslmed.adf6376. Epub 2023
Aug 30. PMID: 37647390.

58. Berney T, Pileggi A, Molano RD, et al. The effect of simultaneous
CD154 and LFA-1 blockade on the survival of allogeneic islet grafts in
nonobese diabetic mice. Transplantation. 2003;76(12):1669–1674.
https://doi.org/10.1097/01.TP.0000092525.17025.D0. PMID:
14688513.

59. Mottram PL, Murray-Segal LJ, Han W, Maguire J, Stein-Oakley AN.
Remission and pancreas isograft survival in recent onset diabetic NOD
mice after treatment with low-dose anti-CD3 monoclonal antibodies.
Transpl Immunol. 2002 Jun;10(1):63–72. https://doi.org/10.1016/
s0966-3274(02)00050-3. PMID: 12182467.

60. Ramos EL, Dayan CM, Chatenoud L, et al. Teplizumab and β-cell
function in newly diagnosed type 1 diabetes. N Engl J Med. 2023;
389(23):2151–2161.

61. Tang Q, Henriksen KJ, Bi M, et al. In vitro-expanded antigen-specific
regulatory T cells suppress autoimmune diabetes. J Exp Med. 2004;
199(11):1455–1465.

62. Lee K, Nguyen V, Lee KM, Kang SM, Tang Q. Attenuation of
donor-reactive T cells allows effective control of allograft rejection
using regulatory T cell therapy. Am J Transplant. 2014;14(1):27–38.

63. Singh A, Ramachandran S, Graham ML, et al. Long-term tolerance of
islet allografts in nonhuman primates induced by apoptotic donor
leukocytes. Nat Commun. 2019;10(1):3495.

64. Sawitzki B, Harden PN, Reinke P, et al. Regulatory cell therapy in
kidney transplantation (The ONE Study): a harmonised design and
analysis of seven non-randomised, single-arm, phase 1/2A trials.
Lancet. 2020;395(10237):1627–1639. Published correction appears in
Lancet. 2020;395(10242):1972.

65. Guinan EC, Contreras-Ruiz L, Crisalli K, et al. Donor antigen-specific
regulatory T cell administration to recipients of live donor kidneys: aONE
Study consortium pilot trial. Am J Transplant. 2023;23(12):1872–1881.

66. Wang S, Zhang X, Zhang L, et al. Preemptive tolerogenic delivery of
donor antigens for permanent allogeneic islet graft protection. Cell
Transplant. 2015;24(6):1155–1165.

67. Lutterotti A, Yousef S, Sputtek A, et al. Antigen-specific tolerance by
autologous myelin peptide-coupled cells: a phase 1 trial in multiple
sclerosis. Sci Transl Med. 2013;5(188):188ra75.

68. Blaha P, Bigenzahn S, Koporc Z, et al. The influence of
immunosuppressive drugs on tolerance induction through bone
marrow transplantation with costimulation blockade. Blood. 2003;
101(7):2886–2893.

69. Shay T, Jojic V, Zuk O, et al. Conservation and divergence in the
transcriptional programs of the human and mouse immune systems.
Proc Natl Acad Sci U S A. 2013;110(8):2946–2951.

70. Bjornson-Hooper ZB, Fragiadakis GK, Spitzer MH, et al.
A comprehensive atlas of immunological differences between humans,
mice, and non-human primates. Front Immunol. 2022;13:867015.

71. Schuetz C, Lee KM, Scott R, et al. Regulatory B cell-dependent islet
transplant tolerance is also natural killer cell dependent. Am J
Transplant. 2017;17(6):1656–1662.

72. Muller YD, Golshayan D, Ehirchiou D, et al. Immunosuppressive
effects of streptozotocin-induced diabetes result in absolute
lymphopenia and a relative increase of T regulatory cells. Diabetes.
2011;60(9):2331–2340.

73. Chupp DP, Rivera CE, Zhou Y, et al. A humanized mouse that mounts
mature class-switched, hypermutated and neutralizing antibody
responses. Nat Immunol. 2024;25(8):1489–1506.

http://refhub.elsevier.com/S1600-6135(25)00137-6/sref35
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref35
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref35
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref35
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref35
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref35
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref36
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref36
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref36
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref36
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref36
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref36
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref37
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref37
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref37
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref37
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref38
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref38
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref38
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref39
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref39
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref39
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref39
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref39
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref40
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref40
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref40
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref40
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref41
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref41
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref41
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref41
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref42
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref42
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref42
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref42
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref42
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref43
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref43
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref43
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref43
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref43
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref44
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref44
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref44
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref44
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref45
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref45
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref45
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref46
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref46
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref46
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref46
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref47
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref47
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref47
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref47
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref48
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref48
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref48
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref48
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref48
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref49
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref49
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref49
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref49
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref50
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref50
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref50
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref50
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref51
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref51
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref51
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref51
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref51
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref51
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref52
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref52
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref52
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref52
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref53
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref53
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref53
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref53
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref53
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref56
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref56
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref56
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref56
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref57
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref57
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref57
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref57
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref57
https://doi.org/10.1097/00007890-199511270-00019
https://doi.org/10.1097/00007890-199511270-00019
https://doi.org/10.1126/scitranslmed.adf6376
https://doi.org/10.1097/01.TP.0000092525.17025.D0
https://doi.org/10.1016/s0966-3274(02)00050-3
https://doi.org/10.1016/s0966-3274(02)00050-3
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref62
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref62
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref62
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref62
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref62
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref63
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref63
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref63
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref63
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref64
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref64
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref64
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref64
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref65
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref65
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref65
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref66
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref66
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref66
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref66
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref66
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref66
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref67
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref67
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref67
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref67
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref68
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref68
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref68
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref68
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref69
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref69
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref69
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref70
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref70
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref70
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref70
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref70
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref71
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref71
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref71
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref71
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref72
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref72
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref72
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref73
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref73
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref73
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref73
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref74
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref74
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref74
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref74
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref74
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref75
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref75
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref75
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref75


R.P.H. Meier et al. American Journal of Transplantation 25 (2025) 1399–1409
74. Muller YD, Mai G, Morel P, et al. Anti-CD154 mAb and rapamycin
induce T regulatory cell mediated tolerance in rat-to-mouse islet
transplantation. PLoS One. 2010;5(4):e10352.

75. Cabric S, Sanchez J, Lundgren T, et al. Islet surface heparinization
prevents the instant blood-mediated inflammatory reaction in islet
transplantation. Diabetes. 2007;56(8):2008–2015.

76. Niclauss N, Meier R, B�edat B, Berishvili E, Berney T. Beta-cell
replacement: pancreas and islet cell transplantation. Endocr Dev.
2016;31:146–162.

77. Niclauss N, Bosco D, Morel P, et al. Influence of donor age on islet
isolation and transplantation outcome. Transplantation. 2011;91(3):
360–366.

78. Meier RPH, Sert I, Morel P, et al. Islet of Langerhans isolation from
pediatric and juveniledonor pancreases.Transpl Int. 2014;27(9):949–955.

79. Borot S, Niclauss N, Wojtusciszyn A, et al. Impact of the number of
infusions on 2-year results of islet-after-kidney transplantation in the
GRAGIL network. Transplantation. 2011;92(9):1031–1038.

80. Ris F, Niclauss N, Morel P, et al. Islet autotransplantation after
extended pancreatectomy for focal benign disease of the pancreas.
Transplantation. 2011;91(8):895–901.

81. Meier RPH, Andrey DO, Sun P, et al. Pancreas preservation fluid
microbial contamination is associatedwith poor islet isolation outcomes -
a multi-centre cohort study. Transpl Int. 2018;31(8):917–929.

82. Delaune V, Berney T, Lacotte S, Toso C. Intraportal islet
transplantation: the impact of the liver microenvironment. Transpl Int.
2017;30(3):227–238.

83. Cantarelli E, Melzi R, Mercalli A, et al. Bone marrow as an alternative
site for islet transplantation. Blood. 2009;114(20):4566–4574.

84. Meier RPH, Seebach JD, Morel P, et al. Survival of free and
encapsulated human and rat islet xenografts transplanted into the
mouse bone marrow. PLoS One. 2014;9(3):e91268.

85. Maffi P, Nano R, Monti P, et al. Islet Allotransplantation in the bone
marrow of patients with type 1 diabetes: a pilot randomized trial.
Transplantation. 2019;103(4):839–851.

86. Montanari E, Pimenta J, Szab�o L, et al. Beneficial effects of human
mesenchymal stromal cells on porcine hepatocyte viability and albumin
secretion. J Immunol Res. 2018;2018:1078547.

87. Matsumoto S, Abalovich A, Wechsler C, Wynyard S, Elliott RB. Clinical
benefit of islet xenotransplantation for the treatment of type 1 diabetes.
EBioMedicine. 2016;12:255–262.

88. Ludwig B, Wolf E, Sch€onmann U, Ludwig S. Large animal models of
diabetes. Methods Mol Biol. 2020;2128:115–134.

89. Muller YD, Gupta S, Morel P, et al. Transplanted human pancreatic
islets after long-term insulin independence. Am J Transplant. 2013;
13(4):1093–1097.

90. Buron F, Reffet S, Badet L, Morelon E, Thaunat O. Immunological
monitoring in beta cell replacement: towards a pathophysiology-guided
implementation of biomarkers. Curr Diab Rep. 2021;21(6):19.

91. Mattke J, Vasu S, Darden CM, Kumano K, Lawrence MC,
Naziruddin B. Role of exosomes in islet transplantation. Front
Endocrinol (Lausanne). 2021;12:681600.

92. Pagliuca FW, Millman JR, Gürtler M, et al. Generation of functional
human pancreatic β cells in vitro. Cell. 2014;159(2):428–439.
1409
93. Elizondo DM, Brandy NZD, da Silva RLL, et al. Pancreatic islets
seeded in a novel bioscaffold forms an organoid to rescue insulin
production and reverse hyperglycemia in models of type 1 diabetes.
Sci Rep. 2020;10(1):4362.

94. Krishnan R, Alexander M, Robles L, Foster 3rd CE, Lakey JRT. Islet
and stem cell encapsulation for clinical transplantation. Rev Diabet
Stud. 2014;11(1):84–101.

95. Brehm MA, Powers AC, Shultz LD, Greiner DL. Advancing animal
models of human type 1 diabetes by engraftment of functional human
tissues in immunodeficient mice. Cold Spring Harb Perspect Med.
2012;2(5):a007757.

96. Abdulreda MH, Caicedo A, Berggren PO. Transplantation into the
anterior chamber of the eye for longitudinal, non-invasive in vivo
imaging with single-cell resolution in real-time. J Vis Exp. 2013;(73):
e50466.

97. Li G, Wu B, Ward MG, et al. Multifunctional in vivo imaging of
pancreatic islets during diabetes development. J Cell Sci. 2016;
129(14):2865–2875.

98. Zhao K, Shi Y, Yu J, Yu L, Mael A, Li Y, et al. Intracameral
microimaging of maturation of human iPSC derivatives into islet
endocrine cells. Cell Transplant. 2022;31:9636897211066508.

99. Wang X, Maxwell KG, Wang K, et al. A nanofibrous encapsulation
device for safe delivery of insulin-producing cells to treat type 1
diabetes. Sci Transl Med. 2021;13(596):eabb4601.

100. Atkinson MA, Leiter EH. The NOD mouse model of type 1 diabetes: as
good as it gets? Nat Med. 1999;5(6):601–604.

101. King M, Pearson T, Shultz LD, et al. A new Hu-PBL model for the study
of human islet alloreactivity based on NOD-scid mice bearing a
targeted mutation in the IL-2 receptor gamma chain gene. Clin
Immunol. 2008;126(3):303–314.

102. Reissaus CA, Pi~neros AR, Twigg AN, et al. A versatile, portable
intravital microscopy platform for studying beta-cell biology in vivo. Sci
Rep. 2019;9(1):8449.

103. van Gurp L, Loomans CJM, van Krieken PP, et al. Sequential intravital
imaging reveals in vivo dynamics of pancreatic tissue transplanted
under the kidney capsule in mice. Diabetologia. 2016;59(11):
2387–2392.

104. Fowler M, Virostko J, Chen Z, et al. Assessment of pancreatic islet
mass after islet transplantation using in vivo bioluminescence imaging.
Transplantation. 2005;79(7):768–776.

105. Li J, Rawson J, Chea J, et al. Evaluation of [68Ga]DO3A-VS-Cys40-
Exendin-4 as a PET probe for imaging human transplanted islets in the
liver. Sci Rep. 2019;9(1):5705.

106. Moede T, Leibiger IB, Berggren PO. Alpha cell regulation of beta cell
function. Diabetologia. 2020;63(10):2064–2075.

107. Montanari E, Meier RPH, Mahou R, et al. Multipotent mesenchymal
stromal cells enhance insulin secretion from human islets via N-
cadherin interaction and prolong function of transplanted encapsulated
islets in mice. Stem Cell Res Ther. 2017;8(1):199.

108. Aghazadeh Y, Poon F, Sarangi F, et al. Microvessels support
engraftment and functionality of human islets and hESC-derived
pancreatic progenitors in diabetes models. Cell Stem Cell. 2021;
28(11):1936–1949.e8.

http://refhub.elsevier.com/S1600-6135(25)00137-6/sref76
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref76
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref76
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref77
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref77
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref77
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref77
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref78
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref78
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref78
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref78
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref78
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref79
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref79
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref79
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref79
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref80
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref80
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref80
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref81
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref81
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref81
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref81
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref82
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref82
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref82
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref82
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref83
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref83
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref83
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref83
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref84
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref84
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref84
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref84
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref85
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref85
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref85
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref86
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref86
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref86
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref87
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref87
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref87
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref87
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref88
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref88
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref88
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref88
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref89
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref89
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref89
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref89
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref90
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref90
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref90
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref90
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref91
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref91
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref91
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref91
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref92
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref92
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref92
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref93
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref93
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref93
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref94
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref94
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref94
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref94
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref95
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref95
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref95
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref95
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref96
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref96
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref96
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref96
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref97
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref97
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref97
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref97
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref98
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref98
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref98
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref98
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref99
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref99
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref99
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref99
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref100
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref100
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref100
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref101
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref101
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref101
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref102
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref102
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref102
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref103
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref103
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref103
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref103
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref103
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref104
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref104
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref104
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref104
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref105
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref105
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref105
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref105
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref105
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref106
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref106
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref106
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref106
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref107
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref107
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref107
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref107
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref107
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref108
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref108
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref108
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref109
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref109
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref109
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref109
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref110
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref110
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref110
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref110
http://refhub.elsevier.com/S1600-6135(25)00137-6/sref110

	Best practices in islet transplantation in mice
	1. Technical details
	1.1. Description of the model
	1.2. Degree of MHC mismatch and autoreactivity

	2. Terminology/classification
	3. Benefits of the mouse model
	4. Limitations
	5. Future perspectives: Using mouse models to address critical gaps in knowledge
	1Technical details1.1Description of the modelThe 2 most widely used preclinical models of islet transplantation recipients  ...
	References


